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Technical Report 90-06

Project Summary

Among the principal accomplishments of the MEVTV project are
several important and widely accepted scientific findings about Mars.
The global and regional volcanic flux has been established from
systematic geological mapping using Viking images, providing a relative
volcanic chronology for most of martian history. Petrologic and chemical
analyses of SNC meteorites, inferred to have been derived from Mars,
have revealed an abundance of volatile materials, including hydrous
minerals (amphiboles), oxidized sulfur, possible carbonates, and various
salts; these results provide direct evidence that Mars is likely to be
volatile-rich. Geological mapping and temporal groupings of major fault
systems have provided strong new constraints on the sequence and
timing of martian tectonic events, particularly in the vicinity of the
Tharsis region.

Although many fundamental aspects of martian evolution remain to
be resolved, substantial progress was forthcoming on several fronts during
the MEVTV program. The origin of the crustal dichotomy on Mars was
the subject of intensive investigations, and two classes of hypotheses
have emerged: One relates the northern lowlands to the effects of large
impact(s); the other calls for tectonic foundering subsequent to
subcrustal erosion by mantle convection. The kinematics and mode of
formation of wrinkle ridges are the subjects of continuing research.
While it is clear that these features represent compressional deformation,
whether they are predominantly the expression of buckling or faulting
remains problematic, as does the cause and implications of their
remarkably straight trends and periodic spacing in some locales. Isotopic
and petrologic analyses have revealed significant variations within the
group of SNC meteorites that, if these objects come from Mars, suggests
heterogeneous sources for the parental martian magmas.

Several intriguing new ideas have resulted from project-sponsored
research and workshop discussions. A number of tectonic features have
been identified as probable transcurrent faults documenting horizontal
offsets of a least several tens of kilometers. Such faulting, along with the
large extensional strains required to form Valles Marineris, could indicate
an early episode of significant horizontal motions of lithospheric blocks.
One speculative hypothesis is that such motions were accommodated in
a very early episode of plate tectonics on Mars, during which the original
lithosphere of the northern lowlands was subducted beneath the Tharsis
region and new lithosphere with thinner crust was generated at a now
extinct spreading center. This hypothesis, which remains to be tested
rigorously, links the formation of the crustal dichotomy to the formation
of Tharsis.
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INTRODUCTION

Mars has been the target of a number of ambitious
spacecraft missions, including the American Viking
orbiters and landers in the late 1970s and, more recently,
the Soviet Phobos spacecraft in 1989. Soon after the
Viking mission it became clear that data from that mission
would constitute a long-term source of important
information about the nature and evolution of Mars. In
recognition of this potential, NASA established the Mars
Data Analysis Program (MDAP) in 1979 to coordinate the
funding and the direction of Mars research. The first of
several major thematic investigations supported by MDAP
was a focused three-year study project entitled “Mars:
Evolution of irs Climate and Atmosphere” (MECA),
initiated in 1984 under the direction of the Lunar and
Planetary Institute in Houston, Texas. The success of the
MECA project (Clifford et al., 1988a,b) led to a follow-
on three-year study project entitled “Mars: Evolution of
Volcanism, Tectonics, and Volatiles” (MEVTV), initiated
by NASA in 1987, also under the direction of the Lunar
and Planetary Institute.

The organization of the MEVTV project was styled
after that of the successful MECA project. It combined
elements of a project approach and targeted research by
independent investigators. Specific goals and objectives
were defined from the project perspective, but investiga-
tors were funded individually and operated independently
within the context of the study. The first meeting of the
MEVTV project was held in the spring of 1987, where
a science steering committee was chosen and general
guidelines for the project were defined. Participation in
MEVTV was open to all investigators with research
interests encompassed by the goals of the project,
regardless of funding source, to ensure broad-based
involvement (see Appendix 1). A program of workshops
was organized to provide cohesion to the project and to
ensure that the project’s objectives would be addressed
(Table 1). The MEVTV project provided a rich environ-
ment for collaborative efforts between investigators from
very diverse fields of investigation, often resulting in new
approaches to difficult problems related to the study of
Mars.

This report reviews the research highlights of the
MEVTV study project and discusses some of the
important scientific issues that remain unresolved. Several
of the questions brought to the attention of the
community through the MEVTV project are now the
focus of a new three-vear study project entitled “Martian
Surface and Atmosphere Through Time” (MSATT),
which was initiated by NASA in the spring of 1990. A

TABLE 1. MEVTV workshops.
Name Of Workshop Date
Nature and Composition of Surface Units on Mars ~ December 1987
Volcanism on Mars June 1988
Early Tectonic and Volcanic Evolution of Mars QOctober 1988
Tectonic Features on Mars April 1989

QOctober 1989
January 1990
March 1990

Tharsis

Evolution of Magma Bodies on Mars

Special Sessions on Martian Tectonic, Voleanic,
Magmatic, and Surface Evolution at LPSC XX1

bibliography of published abstracts and papers written by
project participants is given in Appendix 2, and abstracts
of papers given at the final meeting of the project are
included as Appendix 3.

OBJECTIVES OF THE MEVTV PROJECT

The objectives of the MEVTV project were to outline
the volcanic and tectonic history of Mars, to determine
the influence of volatiles on martian volcanic and tectonic
processes, and to attempt to determine the compositional,
thermal, and volatile history of Mars from its volcanic and
tectonic evolution.

The scientific rationale for the project was based on
the recognition that Mars is the only planet other than
the Earth that has had a long volcanic and deformational
history that could be studied in detail. The Moon and
Mercury became inactive relatively early in their history,
and there was then insufficient information to make
appropriate comparisons with Venus. Earth’s deforma-
tional and volcanic history is dominated by plate
tectonics, which has tended to obscure and destroy much
of its early record. In contrast, plate tectonics was not
thought to have occurred during Mars’ decipherable
history. Volcanic and deformational features on Mars were
held to be well-preserved products of the chemistry and
long-term dynamics of the relatively deep mantle rather
than the result of thin-skinned tectonics. Furthermore,
surficial erosional processes have been relatively modest,
causing many ancient structures to display only minor
degradation. For these reasons Mars was regarded as
providing an environment in which volcanic and
deformational processes could be studied in a relatively
simple tectonic framework in contrast to Earth, where
most geologic features are the result of the complex and
destructive interaction of many processes.

At the outset of the project, the nature, type, and
distribution of martian volcanic and tectonic features had
been broadly established. Much work had also been done
on the nature of the volcanic activity on the planet. For
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example, the styles of volcanic activity and possible
rheological properties of the erupted lavas had been
inferred from studies of the morphology and dimensions
of volcanic features. Similarly, the global patterns of
deformation were reasonably well understood. The
development of the hypothesis that Mars may be the
parent body of the SNC meteorites (shergottites,
nakhlites, and Chassigny) had been recently developed.
Enough was then known about the SNC meteorites to
begin to influence our way of thinking about many aspects
of Mars, including its bulk composition, oxidation state,
differentiation history, thermal history, magma generation
capability, volatile inventory (including degassing history),
volcanism, weathering, and cratering. What was lacking
at the start of the MEVTV project was detailed
information on how the volcanic and tectonic activity
changed with time (requiring careful analysis of age
relations by crater counts and geometric relations);
systematic integration of information from the SNC
meteorites into studies of martian magmatism and global
evolution; and a full understanding of the implications of
the volcanic, tectonic, and volatile histories for the
evolution of the martian crust and interior.

Following are scientific tasks that were identified prior
to the MEVTV project as important and achievable with
existing data. [t was recognized that some progress had
already been made on most of these tasks, but most of
the effort to that time had involved data reduction more
than analysis or synthesis. The general approach adopted
was to use available datasets (e.g., photogeology, topo-
graphy, gravity) to test general models of the volcanic and
tectonic history of Mars. The specific tasks were to:

1. Determine the locations and relative ages of volcanic
features and trace the history of emplacement of volcanic
materials on the surface.

2. Determine changes in the pattern of faulting with
time by such means as crosscutting -structural relations
and crater density statistics.

3. Define and test models of the current state of stress
in the martian lithosphere using gravity and topography
data.

4. Use fault patterns to infer past states of stress in
the lithosphere and how the stresses may have changed
with time.

5. Use the stress history within the lithosphere and the
volcanic history to place limits on the thermal history of
the interior and internal dynamics.

6. Examine the nature and possible causes of the global
dichotomy on Mars, with particular emphasis on modeling
the topography and gravity.

7. Relate the stress history to the volcanic history and
infer how the thickness and other properties of the
lithosphere have evolved with time.

8. Assess reasons for the contrasting styles of martian
and terrestrial volcanism, particularly the apparent
longevity and large size of martian volcanos and the
possible role played by volatiles in the eruption process.

9. Compare the vertical deformation and faulting of
broad crustal regions of Mars with broad structural uplifts
and basins in the interior of lithospheric plates on Earth.

10. Determine to the extent possible the composition
of magmas related to volcanic materials, the source
reservoirs, and the processes responsible for magma
migration to those reservoirs.

11. Investigate the relationship between atmosphere-
surface interactions and volcanism during the period of
time when surface morphology suggests a substantially
different volatile regime.

12. Determine the effect of quasiperiodic (e.g., axial
changes) and episodic processes {(e.g., volcanism) on the
near-surface thermal regime, and on the exchange of
volatiles among the atmosphere, regolith, and polar caps.

SCIENTIFIC OVERVIEW OF
THE MEVTV PROJECT

The Global Volcanic and Tectonic Evolution of Mars

Important progress was made during the MEVTV
project on documenting the geological evidence for the
volcanic and tectonic history of Mars. Also advanced
during the course of the project were the formulation and
testing of models for mantle dynamics, magmatism, and
interior evolution consistent with this geological history.
While a number of hypotheses for martian evolution have
been considerably sharpened as a result of these efforts,
it is perhaps not surprising that many fundamental
questions remain at best incompletely answered.

The crustal dichotomy. The approximately hemi-
spherical division of the martian surface between the
topographically lower and stratigraphically younger
northern plains and the heavily cratered southern uplands
is often termed the crustal dichotomy. The difference in
elevations of the two hemispheres appears to be
isostatically supported by differences in average crustal
thickness (Janle, 1983). The 2.1-km offset of the center-
of-figure from the center-of-mass on Mars can be
explained by the contributions of a nearly compensated
Tharsis rise and an isostatically compensated crustal
dichotomy. The direction of this offset, toward 58°S,
94°W (Kobrick et al, 1981), is approximately midway
between the centers of the southern highlands and the
Tharsis rise (Roth et al, 1981). The ancient age of the
southern uplands suggests that the dichotomy was largely
established very early in martian geological history,



although erosion may have modified the dichotomy
boundary over a considerable period of time (Maxwell and
McGill, 1988).

Two classes of hypotheses have been offered for the
origin of the dichotomy. In one class, the northern
lowlands are held to occupy one or more large impact
basins. In the first discussion of this idea (Wilhelms and
Squyres, 1984), the largest expanse of lowlands was
proposed to result from the formation of a single large
impact basin 7700 km in diameter, the “Borealis Basin.”
This hypothesis was held to account for the approximately
circular planform and scarp-like morphology of much of
the dichotomy boundary, the concentric massifs and
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narrow tracts of highlands not related to other basins, the
thinned lowland crust, and the heat required for lowlands
plains volcanism. A modification of the single-impact
hypothesis is that the northern lowlands occupy several
large impact basins, on the grounds that the proposed
Borealis Basin is much larger than the few next-largest
recognized basins (Frey and Schultz, 1988) and that high-
standing cratered terrain as ancient as the cratered
uplands can be found within the proposed basin interior
(Frey et al, 1988). Buried topography in the Utopia
Planitia region of the northern lowlands suggests the

- presence of a 3300-km-diameter buried basin (Fig. 1),

which is less than half the size of the proposed Borealis

Fig. 1. Distribution of knobs suggesting the presence of a buried impact basin in Utopia Planitia (from McGill, 1989b). Solid shading, abundant
knobs and mesas; stippled shading, scattered knobs; diagonal shading, polygonal terrain. IP, Isidis Planitia; EM, Elysium Mons; B, estimated center of
Utopia Basin. The heavy solid line is the boundary between the southern cratered highlands and the northern lowlands. (Figure reproduced with pet-

mission of American Geophysical Union.)
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Basin (McGill, 1989b). The large impact hypothesis,
whether single or multiple impacts were involved, has
been criticized as inconsistent with the absence of
evidence for crust substantially thicker than average
beneath the rim and inner ejecta blankets of the
postulated large basins, with an early Hesperian peak in
global volcanic activity (i.e., substantially after the time
of basin formation; Tanaka et al., 1988), and with the fact
that stratigraphic units partially filling the lowlands and
embaying highland units include nothing older than early
Hesperian (McGill, 1989a).

In the second class of hypotheses the crustal dichotomy
is the product of tectonic processes. According to the first
specific scenario suggested (Wise et al., 1979b), the
northern regions foundered isostatically after subcrustal
“erosion” by a first-degree mantle convection pattern that
prevailed prior to core formation. Planetary accretion
considerations (Wetherill, 1985) and Pb isotope systematics
in the Shergotty parent body (Chen and Wasserburg,
1986), presumed to be Mars (e.g., McSween, 1984; Bogard
et al, 1984) as discussed below, now indicate that core-
mantle differentiation on Mars occurred very early,
perhaps contemporaneously with planet formation. The
suggestion has recently been made (N. H. Sleep, unpub-
lished remarks, 1989) that the lowlands lithosphere was
produced during an early episode of plate tectonics on
Mars. Such a hypothesis provides an explanation for ‘the
large horizontal displacements of the lithosphere inferred
from the opening of Valles Marineris and the interpre-
tation of Gordii Dorsum and other related ridges as large-
offset transcurrent faults (Forsythe and Zimbelman, 1988).
It has been speculatively suggested that the Phlegra
Montes, centrally located in the northern lowlands, may
have been a spreading center that ceased activity by the
Late Noachian and that the Tharsis Montes originated by
arc-type volcanism at a Noachian subduction zone (N. H.
Sleep, unpublished remarks, 1989; Tanaka, 1990b).

Martian volcanic flux. The volcanic flux on Mars
as a function of space and time provides a critical
constraint on models of mantle dynamics, global thermal
evolution, mantle melting, and crustal growth. While the
relative chronology of large-scale surface units on Mars
was reasonably well established on the basis of stratigra-
phic and crater density relationships inferred from
Mariner 9 images (Carr et al., 1973; Scott and Carr, 1978),
detailed analysis of the tens of thousands of higher-
resolution Viking orbiter images has led to a new global
geological map of substantially improved stratigraphic
resolution (Tanaka, 1986) and unit definition (Scott and

Tanaka, 1986; Greeley and Guest, 1987; Tanaka and Scott,

1987). From this analysis, several noteworthy character-
istics of the history of emplacement of volcanic material
at the martian surface have been documented (Tanaka
et al., 1988; Tanaka, 1990b). The global rate of volcanic

resurfacing generally declined from levels near 1 km?/yr in
the Middle Noachian to on the order of 0.01 km?/yr in
the Amazonian (Fig. 2), presumably reflecting a general
cooling of the martian mantle from an initial state
sufficiently hot to permit very early differentiation of core
and crust. Superimposed on this gradual decline, however,
was an apparent peak in volcanic resurfacing rate in the
Early Hesperian, with the strength of the peak a function
of the uncertain rate of production of impact craters over
the past 3.5-4b.y. and the uncertain proportion of
Noachian volcanic material (Fig. 2). Most of the Early
Hesperian peak consists of the areally extensive ridged
plains units, thought to have formed by the voluminous
eruptions of low-viscosity, mafic lavas (Greeley and Spudis,
1981). At the end of the Early Hesperian, the sparial
pattern of volcanism changed dramatically from one of
globally dispersed activity to regionally concentrated plains
formation and large shield construction focused in the
Tharsis and Elysium areas. Igneous and tectonic activity
in these major volcanic provinces apparently led to
breakouts of debris flows and catastrophic floods that
carved the outflow channels in adjacent lower lying ter-
rain, discharges that eroded extensive areas of highlands,
contributed to the resurfacing of the northern plains, and
redistributed a significant fraction of subsurface water on
the planet (Tanaka, 1990b).

Accounting for this history of volcanic flux with
quantitative models of martian thermal evolution and
interior dynamics remains a topic of ongoing effort and
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Fig. 2. Average resurfacing rates for volcanic plains corresponding to
each martian epoch (modified from Tanaka et al., 1988). Rates are based
on the reconstructed areas of volcanic plains for two crater chronologies.
Note the corrected resurfacing rates (reduced by a factor of 1000) from
those of Tanaka et al. (1988). Martian epochs: MN, Middle Noachian;
LN, Late Noachian; EH, Early Hesperian; LH, Late Hesperian; EA, Early
Amazonian; MA, Middle Amazonian; LA, Late Amazonian.



controversy. Stevenson and Bittker (1990) have drawn
attention to the potential for the extraction of basaltic
melt from the martian mantle to stabilize convection
because of the strong reduction in the density of the
mantle residuum, which they argue would likely reside in
an upper boundary layer. These authors suggest that such
a stabilizing effect could lead to long intervals in which
volcanism is modest to absent while the interior warms
and distinct layers develop in the convecting mantle.
Gradual merging of convecting layers would lead to an
episode of widespread volcanism; extraction of significant
melt from the mantle during this episode would initiate
a new cycle. This viewpoint has been challenged by
Turcotte and Huang (1990), who assert that the residuum
remaining after melt extraction would be well mixed into
the convecting mantle, leading to a ‘“‘marble-cake”
structure rather than a stably layered system. In their
models and in other parameterized convection calcula-
tions (e.g., Schubert et al., 1990b), global heat flow, mean
mantle temperature, and the average rate of addition of
magma to the crust all decrease monotonically with time.
The general history of volcanism on Mars is one of a
gradually decreasing flux (Tanaka et al., 1988), consistent
with the predictions of parameterized convection models,
but the apparent peak in flux during the Early Hesperian
may be an example of mantle warming of the type
predicted by the Stevenson and Bittker (1990) scenario.
Accounting for the localization of volcanic activity on
Mars to a few major volcanic provinces after the Early
Hesperian remains a challenge to theoretical models. The
long duration of activity and the excess heat flux implied
by the thinning of the elastic lithosphere in the center
of major volcanic provinces (Solomon and Head, 1990)
indicate that the excess heat is being supplied from the
underlying mantle, presumably in the form of localized
regions of enhanced upwelling, or mantle plumes.
Numerical calculations of three-dimensional convection in
a viscous spherical shell have been recently carried out
by Schubert et al. (1990a) to simulate possible convective
planforms in a martian mantle heated both from within
(by radiogenic heat) and from below (by core cooling).
These calculations support the view that the most
prominent form of convective upwelling in the martian
mantle is the cylindrical plume, but the models yield a
large number of plumes (more than 10) unless both an
unreasonably large fraction of heat is supplied from the
core and the core radius is considerably smaller than
inferred from the present martian moment of inertia
(Bills, 1989; Kaula et al, 1989). While some aspects of
these results may be consequences of the assumptions
required in current three-dimensional convection codes
(constant viscosity mantle, Rayleigh numbers no more
than about 100 times the critical value), the concentra-
tion of sustained volcanic activity in Tharsis and Elysium
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may have arisen from the focusing of multiple plumes
beneath each province, perhaps as a result of thinning and
fracturing of the lithosphere by earlier tectonic activity
in each region.

Martian tectonic history. The Tharsis province of
Mars, by virtue of its large scale and its complex and
extended history of activity (Carr, 1974; Wise et dl,
1979a), dominates the discussion of martian tectonic
evolution. Approximately 8000km in diameter and
occupying an area equal to 25% of the surface area of
Mars, the Tharsis region is marked by a broad topographic
rise standing as much as 10km above the surrounding
terrain. A positive gravity anomaly coincides with the
long-wavelength topographic high (Phillips and Saunders,
1975). Swarms of extensional fractures and graben extend
outward from Tharsis for thousands of kilometers in a
crudely radial array (Plescia and Saunders, 1982). There are
also important compressional features located in the
ridged plains of Tharsis and oriented approximately
circumferential to the center of activity (Wise et al,
1979a). The duration of faulting and volcanic activity
represented by the tectonic and volcanic features of
Tharsis span a large fraction of martian history. The long-
wavelength gravity and topography of the region are not
consistent with complete isostatic compensation by a
single mechanism, such as crustal thickness variations
(Phillips and Saunders, 1975). Complete local isostasy is
possible, however, if a combination of Airy (crustal
thickness variations) and Pratt (mantle density variations)
mechanisms act in concert, but only if the crust is
relatively thin (or is pervasively intruded by high-density
plutonic material) beneath the Tharsis rise and substantial
density anomalies persist to several hundred kilometers
depth (Sleep and Phillips, 1979, 1985; Finnerty et al., 1988).
Alternatively, a portion of the high topography of Tharsis
can be supported by membrane stresses in the martian
elastic lithosphere (Banerdr et al., 1982; Willemann and
Turcotte, 1982).

These compensation models can be used to predict
long-wavelength lithospheric stresses for comparison with
the observed distribution of tectonic features. The
situation at the outset of the MEVTV project was that
the isostatic model for Tharsis predicted stresses in
approximate agreement with the distribution and
orientation of extensional fractures in the central Tharsis
region and of compressive wrinkle ridges, while the model
involving lithospheric support of a topographic load
predicted stresses generally consistent with the more distal
extensional features (Fig. 3) in regions adjacent to the
Tharsis rise (Banerdt et al., 1982; Sleep and Phillips, 1985).
An evolution in the nature of the support of Tharsis
topography was suggested (Banerdt et al, 1982; Solomon
and Head, 1982), though it was recognized that a sequence
of distinct support models depends upon the distal and
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proximal tectonic features having different ages. If the
distal features were older, then viscoelastic relaxation of
stresses associated with an early episode of lithospheric
loading might have led to an essentially isostatic state at
present; if the distal features were younger, then a
progression from local isostasy to lithospheric support as
the Tharsis rise was constructed might have been the
natural consequence of global interior cooling and
lithospheric thickening (Sleep and Phillips, 1985).

Recent geological mapping and detailed studies, as part
of the MEVTV project, of the history of faulting in the
Tharsis province and surrounding areas have provided a
wealth of new constraints on possible evolutionary models
for the region. The earliest recognized set of faults, dating
from the Early Noachian, are east-west trending normal
faults and graben in the Claritas Fossae region (Tanaka
and Davis, 1988). These faults are among the few tectonic
features in the Tharsis province that are orthogonal to
extensional stress directions predicted by flexural uplift
models for Tharsis (Banerdt et al, 1982) and support an
early episode of large-scale uplift of the region (Tanaka
and Davis, 1988; Phillips et al., 1990). During the
Noachian and Hesperian, major systems of extensional
fractures and graben formed in patterns predominantly
radial but also concentric to a series of areas within
central Tharsis (Wise et al, 1979a; Plescia and Saunders,
1982; Tanaka and Davis, 1988). The principal episode of

formation of wrinkle ridges, oriented generally concentric
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Fig. 3. Prediction of surface stress
trajectories in the Valles Marineris
region from a Tharsis flexural loading
model (after Banerdt et al., 1982). The
greatest extensional stress is hori-
; zontal and approximately orthogonal
c‘n to Valles Marineris. Contours of
; stress magnitude are in kilobars.
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to Tharsis (Wise et al, 1979a), occurred shortly after
ridged plains emplacement in the Early Hesperian (Scott
and Tanaka, 1986). Because the major episodes of faulting
during the Late Noachian to Hesperian involve nearly
contemporaneous formation of features both distal and
proximal to central Tharsis, neither the isostatic nor the
lithospheric flexure models of Banerdt et al. (1982) provide
an adequate fit to the full distribution of faulting during
any single tectonic episode.

Several promising directions have been identified to
improve on existing models for the tectonic evolution of
Tharsis and of Mars in general. First, it is important to
distinguish faulting associated with localized centers of
uplift and subsidence from that associated with the long-
wavelength stress distribution across Tharsis, and ongoing
mapping efforts provide a basis for such a separation
(Tanaka and Davis, 1988). Second, it is necessary to
explicitly include global thermal stress. The Early
Hesperian age for most major ridged plains units (Tanaka,
1986) and the contrast between the widespread occur-
rence of wrinkle ridges in the ancient cratered uplands
and their spotty occurrence in volcanic plains younger
than Early Hesperian (Chicarro et al., 1985) suggest that
ridge formation may have been concentrated in a
comparatively early stage in martian evolution (Watters
and Maxwell, 1986), perhaps dominantly in the Early
Hesperian (see below). Examination of crosscutting
relations between ridges and graben also supports the view



that most ridge formation in the Tharsis region was
restricted to an early time period (Watters and Maxwell,
1983). Martian thermal histories calling for a hot initial
state and rapid cooling concentrated within the period
3-4b.y. ago (Schubert et al., 1990b; Turcotte and Huang,
1990) are most consistent with an Early Hesperian episode
of global contraction and widespread wrinkle ridge
formation.

Finally, it appears that lateral variations in heat flux
and crustal thickness across Tharsis have led to pro-
nounced horizontal variations in the mechanical proper-
ties of the lithosphere (Solomon and Head, 1990) that can
have a significant effect on stress models {Banerdt and
Golombek, 1990). Specifically, a thicker crust and higher
heat flow in the central Tharsis region may act to
decouple the crust in that region from the underlying
strong layer of the upper mantle. In such a situation the
strong upper mantle layer will deform as part of the
globally continuous elastic lithosphere shell, some
100-200 km thick (Banerdt et al., 1982; Willemann and
Turcotte, 1982; Solomon and Head, 1990), while the
comparatively thin layer of strong upper crust in central
Tharsis will deform as a spherical cap with a lubricated
lower surface and a periphery fixed to the global shell.
Preliminary models (Banerdt and Golombek, 1990) suggest
that the central area will respond primarily to isostatic
spreading forces and increases in radius of curvature
induced by subsidence of the lower lithosphere, leading
to radial extensional structures in central Tharsis, while
outside of the central region of crust-mantle decoupling
the faulting will generally follow the predictions of the
earlier flexural models for the formation of distal radial
extensional fractures (Fig. 3). Horizontal radial compres-
sion, leading to the formation of concentric wrinkle ridges,
is likely to be concentrated near the boundary between
the two regions (Banerdt and Golombek, 1990).

Martian Magmas and Their Weathering Products

A primary goal of studying volcanic materials is to place
constraints on the composition and the physical condi-
tions of the source magmas. As noted above, a unique
group of basaltic achondrites, known collectively as the
SNC meteorites, may represent samples from the volcanic
plains of Mars (Wood and Ashwal, 1981). While this
hypothesis has not been conclusively proven, the evidence
in support of a martian origin for these meteorites is very
compelling. Analyses of the SNC meteorites provide clues
to the composition of the martian mantle and the sources
of volcanic activity on Mars. In particular, conclusions
obtained from meteorite analysis have interesting
implications for the observed characteristics of martian
volcanos and the interaction of volcanic materials with
volatiles in the martian environment.
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Inferences from SNC meteorites. Return of a
documented sample from Mars will provide the first
conclusive compositional information about the red
planet, but until that occurs, the SNC meteorites (Fig. 4)
will remain the most likely examples of martian volcanic
material. None of the SNC meteorites are older than
1.3b.y. (Wood and Ashwal, 1981; McSween, 1984, 1985),
and isotopic evidence suggests that the shergottites
contain an igneous component that is both quite young
(<200 m.y.) and mantle-derived (Jones, 1989). These ages
are much younger than those of all other dated meteorites
(>4.4 b.y.; from Sears, 1978) and are difficult to reconcile
with a parent body smaller than the size of Mars. The
very close match between the gases trapped in the glassy
portions of the SNC meteorites and atmospheric measure-
ments made by the Viking landers on Mars strengthens
the case for a Mars origin, particularly since both sets of
results are distinct from any other sampled region of the
solar system (Bogard et al., 1984; Becker and Pepin, 1984;
Pepin, 1985). If one assumes that the SNC meteorites are
from Mars, then the martian mantle can be modeled using
the SNC chemistry and the assumption of a chondritic
bulk composition, opening the martian interior to both
experimental and petrochemical techniques (Holloway,
1990).

Experimental and thermodynamic constraints on the
bulk composition give a mineralogy for the martian
mantle, at a pressure of 30 kbar, of approximately 50 wt%
olivine, 25 wt% orthopyroxene, 15 wt% Ca-pyroxene, and
10 wt% garnet (although the Ca-pyroxene/garnet ratio is
highly variable), a composition quite similar to that of the

Fig. 4. SNC meteorite EETA 79001, found in Antarctica in 1979.
Gases trapped within the glassy portions of this meteorite have isotopic
abundances very similar to the atmosphere of Mars, as measured by the
Viking spacecraft.
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Earth’s upper mantle (Bertka and Holloway, 1989;
Holloway, 1990). Garnet is stabilized at lower pressures in
Mars than in the Earth (Holloway, 1990) and Mars appears
to have a lower mg#|[=atomic Mg/(Mg+ Fe)], which
could affect the partitioning of rare earth elements
between the source region and the primary magmas
(Holloway, 1990). The measured viscosity of a generalized
SNC parent magma ranges from 10-200 poise over a
temperature range of 1250°-1350°C at 1 bar pressure
(Spera and Stein, 1990), only slightly higher than the
1-3 poise viscosity of the magma at 1450°C and 23 kbar
pressure (Bertka and Holloway, 1989).

Synthesized glasses with the approximate bulk compo-
sition of various SNC meteorites have been used to
determine the position of phase boundaries and crys-
tal/liquid tie lines (Longhi and Pan, 1989). All these
materials could have fractionated to produce the pyro-
xenes observed in Shergotty and Zagami (a shergottite).
The calculated parent magma compositions have low
aluminum contents and vary widely in the concentrations
of a calcium-rich component (Longhi and Pan, 1989).
These results require either that the source region was
dominated by augite, which should be accompanied by a
small negative Eu anomaly that is not observed, or that
CO; fluxed the melt at pressures >25 kbar (Longhi, 1990).
Thus the martian mantle may have interesting character-
istics that distinguish it from volcanic source regions on
Earth.

Volcanic materials and volatiles. The volcanic
products derived from SNC primary magmas have
important implications for volcanic features observed on
the martian surface. Primary magmas derived from a
volatile-free mantle at 25 kbar would resemble an iron-
rich, picritic, alkali basalt at low degrees of partial melting
(Bertka and Holloway, 1988). With an increase in the
degree of melting, the primary magmas will trend toward
iron-rich komatiites (Bertka et al., 1990), consistent with
field observations of komatiite flows that may be ana-
logous to long lava flows observed on Mars (Treiman,
1987). Flow dimensions have been used to estimate
rtheologic properties for martian flow features (e.g., Hulme,
1976) but with varying degrees of uncertainty (Baloga,
1988). Application of photoclinometric techniques to
images of martian lava flows have led to refinements in
some estimates (Moore and Davis, 1990), which tend
toward the low viscosities that should accompany flows
derived from a SNC parent magma. A new method for
estimating eruption rates from considerations of the
temperature distribution throughout an active flow (Crisp
and Baloga, 1990), rather than the equivocal interpreta-
tion of levee heights, should provide an independent
check on martian lava properties derived from images.

The confirmed presence and abundance of volatiles in
SNC meteorites have important implications for possible

explosive volcanism on Mars. The high H,O content
documented for the Chassigny and Shergotty parent
magmas (Treiman, 1985; Johnson et al,, 1990), coupled with
the very low solubility of CO; at low pressures for SNC
parent magmas (Pan and Holloway, 1990), indicate that
some erupting lavas on Mars could include a significant
explosive component. Tyrrhena Patera (Fig. 5), one of the
oldest volcanos on Mars, includes deposits that have been
interpreted to include a substantial ash component
(Greeley and Spudis, 1981). Whether these ash deposits are
products of phreatomagmaric volcanism is presently a
matter of some debate (Greeley and Crown, 1990;
Robinson, 1990). Ash deposits also have been identified on
or around Hecates Tholus (Mouginis-Mark et al, 1982),
Alba Patera (Mouginis-Mark et al, 1988), and near
Elysium Mons (Zimbelman and McBride, 1989). Exsolution
of juvenile volatiles in the erupting magmas may have
driven explosive stages of eruptions of these volcanos
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Fig. 5. Tyrrhena Patera, a low-relief volcanic feature in the cratered
highlands of Mars that likely includes a significant component of ash.
The volatiles involved in the pyroclastic eruption may have been from
liquid or frozen groundwater, or juvenile gases that accompanied the
rise of the magma, or both. Viking Orbiter frame 87A14; area shown
is 280 km across.



without requiring extensive chemical fractionation, as
discussed by Francis and Wood (1982).

Volatiles should have an important effect on both the
chemistry and physical condition of volcanic materials at
the martian surface. Sulfur was observed in considerable
quantities at the Viking landing sites (Clark et al, 1977),
an observation that stimulated consideration of possible
mechanisms for its emplacement at the martian surface
(Bumns, 1988) as well as the chemical and weathering
effects of iron sulfides on Mars (Bums and Fisher, 1990).
Oxidized sulfur is present in substantial quantities in
several SNC meteorites (Gooding and Muenow, 1986;
Burgess et al, 1989), strengthening the probable signifi-
cance of this material to martian chemistry. Other volatile
substances reported in SNC meteorites include apparent
carbonate carbon (Carr et al., 1985; Gooding et al., 1990),
carbon and deuterium of apparent preterrestrial origin
(Kerridge, 1988), and various salts (Gooding et al., 1988,
1990). Recent observations by the Infrared Spectro-Imager
(ISM) instrument on the Phobos spacecraft document a
variation in the hydration of martian surface materials
(Bibring et al, 1990; Erard et al, 1991), consistent with
the high H,O content of some SNC meteorites (Johnson
et al, 1990). While the martian atmosphere contains
relatively little water vapor (Farmer et al, 1977), it still
holds about as much water vapor as it can under present
surface conditions (Davies, 1979). Water transported
ephemerally through the atmosphere can have a pro-
nounced weathering effect even in extremely cold and
arid environments. Slow chemical alteration associated
with intermittent, thin ice layers turns fine-grained,
nonvesicular basalt in Antarctica into deeply pitted,
irregular rocks; a similar, slow process may have played
a part in forming the pitted rocks abundant at the Viking
landing sites (Allen and Conca, 1991). Surface conditions
in the past were likely very different from present
conditions on Mars (e.g., Toon et al, 1980), perhaps
allowing liquid water to accumulate in transient northern
oceans, causing planetwide climatic effects (Baker et al,
1990). A variable climatic history on Mars will complicate
the identification of past weathering processes from
present surface materials.

Origin and Distribution of Tectonic Features on Mars

The surface of Mars displays a spectacular array of
compressional and extensional features. A long-standing
objective of Mars studies is to understand the controls
over the orientation, position, and spacing of these
features and the constraints they impose on the rheology
and state of stress of martian surface units. Considerable
attention was directed toward this goal during the
MEVTV project, including two MEVTV workshops, one
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to address questions regarding the early tectonic and
volcanic evolution of Mars (Frey, 1989), and another to
assess the current knowledge of martian tectonic features,
including kinematic and mechanical models for their
origin (Watters and Golombek, 1989). While some funda-
mental issues remain unresolved, it is clear that substantial
progress has been made in several key areas.

Controls over the distribution of tectonic features
through time. The distribution and relative ages of
major extensional and compressional tectonic features on
Mars are now sufficiently documented through detailed
mapping that the timing and relative significance of local
and regional tectonic controls are well constrained (except
for the Thaumasia province of southeastern Tharsis,
which is currently being studied; K. L. Tanaka, personal
communication, 1990). In addition to the global tectonic
influence of the Tharsis rise, discussed above, eight other
centers exerted regional control over faults and graben

" systems on Mars. Five of these centers are volcanic

complexes similar to, but smaller than, the Tharsis rise.
Listed in order of decreasing influence they are the Syria
Planum rise (Tanaka and Davis, 1988), Alba Patera (Rotto

" and Tanaka, 1989; Tanaka, 1990a), Tharsis Montes,

Elysium Mons, and Olympus Mons (Scott and Dohm,
1990).

All these volcanic centers are surrounded by regional
systems of graben and/or ridges, and several show
indications of substantial flank and summit deformation.
Recent efforts to understand the tectonic evolution of
these large centers have focused on the dramatic suite of
surface features on Olympus Mons. Borgia et al. (1989)
suggested that its prominent and enigmatic peripheral
scarp is the surface expression of a fault-propagation fold
that formed by gravitational failure and outward spreading
of the volcano. Collapse and thrusting associated with
magma chamber evacuation could account for the series
of terraces on the slopes of Olympus Mons (Thomas et
al., 1989). Calculations based on the topography and radial
distribution of tectonic features within the Olympus Mons
caldera complex predict that this magma chamber was
located at a depth of ~15km (Zuber and Mouginis-Mark,
1989). It remains a task for future analyses to determine
if these models are compatible with the full range of
features observed both at Olympus Mons and on other
large volcanos.

The extensive parallel fault systems that bracket and
delineate the highlands-lowlands boundary scarp demon-
strate that it is a major tectonic influence, regardless of
uncertainties over the origin of the crustal dichotomy
(Maxwell and McGill, 1988; Scott and Dohm, 1990). The
remaining three tectonic centers are the large impact
basins Hellas, Isidis, and Argyre (Wichman and Schultz,
1989; Scott and Dohm, 1990). The younger plains units
flanking these basins are deformed by concentric graben.
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Thus it appears that these large martian impact basins
acted as centers of sustained volcanic and tectonic activity
in a manner consistent with that of lunar mare basins of
comparable size.

Martian wrinkle ridges, similar in many respects to
those on the lunar maria (Sharpton and Head, 1987), are
typically associated with plains-forming materials inter-
preted to be lava flows (Fig. 6). Ridges range in age from
Middle Noachian to Early Amazonian, but the widely
recognized “surge” in ridged plains emplacement occurred
in Early Hesperian (Scott and Dohm, 1990; Frey et al,
1991). Most of the extensive systems of Early Hesperian
wrinkle ridges were formed concentric to the Tharsis rise
more than 2000 km away from its center. Generally less
pronounced but widespread wrinkle ridges and associated
scarps formed during the late Noachian, and a few ridges
formed during the early Amazonian (Scott and Tanaka,
1986; Chicarro, 1989).

Wrinkle ridge formation. Little doubt remains that
martian wrinkle ridges, like their better-studied lunar
counterparts, are produced by compressional deformation.
Scott (1990) maintains that rare examples of ridge-graben
colinearity suggest an extensional ridge origin, but
numerous studies have demonstrated that many properties
of wrinkle ridges are difficult to reconcile with extensional
deformation (Sharpton and Head, 1987; Plescia and
Golombek, 1986; Watters, 1988; Aubele, 1989; Schultz,
1990). The subsurface structure and details of wrinkle
ridge formation nonetheless remain the subjects of
considerable debate. Detailed understanding in these areas
is required before martian ridges can be used confidently
as strain gauges (Golombek et al,, 1991) or in constraining
the mechanical properties of the martian lithosphere
(Saunders et al., 1981; Watters, 1988; Zuber and Aist, 1989;
Watters and Chadwick, 1990).

A variety of models have been proposed for martian
wrinkle ridge formation, ranging from buckling of upper
crustal layers (Watters, 1988) to deep-seated thrust
faulting that leads to near-surface folding (Plescia and
Golombek, 1986; Zuber and Aist, 1990), and a range of
planetary analogs have been called upon in support of
these models. The failure to resolve the details of wrinkle
ridge formation is due in large measure to the lack of
imaging and topographic data of sufficient resolution to
characterize these features. Photoclinometric profiles of
some martian ridges indicate a topographic offset across
these structures similar to that associated with some lunar
mare ridges. The presence of such an offset has been used
to argue against the thin-skinned buckling model for
wrinkle ridge formation and in favor of deep-seated thrust
faulting (Golombek et al, 1991). This argument can be
inverted, however, because it is equally difficult for thrust
faulting to explain those ridges that have considerable

topographic development unaccompanied by noticeable
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Fig. 6. Wrinkle ridges in the lunae Planum region of Mars. The
morphology of these ridges appears very similar to wrinkle ridges found
on the Moon. Viking Orbiter frame 610A22; area shown is 150km

across.

offsets (Watters, 1988). Sharpton and Head (1987) have
concluded that lunar ridges appear to be polygenetic
landforms: The basic morphological properties that
identify ridges as a single class of landform reflect their
common compressional origin and rheological similarities,
but each ridge system is the product of a sustained and
variable deformational path that is locally influenced.
Some involve buckling and thrusting and others high-
angle reverse faulting as compression is accommodated
along preexisting basement faults. Only by examination of
high-resolution topography and imaging can the details of
this process be unraveled for the Moon, and presumably
the same holds true for martian ridges.

Valles Marineris. The similarities between Valles
Marineris and block-faulted structures on Earth have long
been recognized (Frey, 1979; Lucchitta et al., 1989). The
tremendous size of this system (hundreds of kilometers
wide, thousands of kilometers long, and many kilometers
deep), although undoubtedly enhanced by severe mass
wasting and collapse, points to extensional deformation



involving the entire martian lithosphere and prompts
comparisons with terrestrial rift valleys. Stress modeling
constrained by long-wavelength gravity and topography
(e.g., Banerdt et al, 1982) generally predicts extensional
stresses orthogonal to Valles Marineris (Fig. 3). One
problem in understanding the origin of Valles Marineris
is explaining the many closed depressions, such as Ganges
Catena and Hebes Chasma, and their relationships to the
larger open canyons. A proposed explanation is that these
closed depressions are collapse structures over deep-seated
fractures, in the manner of pit crater chains (Tanaka and
Golombek, 1989). Schultz (1989a) argues against this
mechanism for the origin of large closed depressions,
maintaining that, while both features are produced by
extensional processes, they are distinctly different in
morphology. One problem that all such tectonic expla-
nations face is how to account kinematically for the large
amounts of lithospheric extension required to produce the
chasmata. Croft (1989) presents a novel alternative. He
suggests that individual closed features up to ~1000 km?
in volume could be karst fearures, while larger features
are primarily due to tectonic subsidence. While this
mechanism may reduce the need for crustal spreading
somewhat, considerable extension is still required to
produce the larger features.

Possible strike-slip faulting on Mars. In contrast
to the attention garnered by both extensional and
compressional processes on Mars, strike-slip deformation,
until recently, has gone virtually uninvestigated. This is
probably because occurrences of clear strike-slip indicators
such as offset craters rims, valley walls, or structural
trends are not obvious on Mars (Golombek, 1985).
However, as Schultz (1989b) recently noted, such primary
strain markers are not always observed in conjunction
with major shear zones on Earth either. Near ghe surface,
discrete offsets at depth can be distributed over a broad
zone characterized by such secondary features as shear
fractures, tear faults, and echelon folds. Echelon struc-
tures alone, however, do not necessarily indicate strike-
slip faulting; rather they attest to fracture and fold growth
through inhomogeneous stress fields (Schultz, 1990). Thus,
while these secondary features may be more common than
primary structural offsets, they are less compelling
evidence of strike-slip deformation.

Recent studies of martian surface images have revealed
a number of structural elements that resemble the
secondary features associated with strike-slip deformation
on Earth. Schultz (1989b) has noted evidence of limited
strike-slip faulting of the ridged plains near Valles
Marineris in the form of consistent en echelon arrange-
ments of wrinkle ridges.

Transcurrent faulting on Mars at a much larger scale
has been advanced by Forsythe and Zimbelman (1988,
1989). From their analysis of probable secondary shear
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indicators in the vicinity of the Gordii Dorsum escarp-
ment and the similarity of this feature to a major
terrestrial shear zone, the Dasht-e-Bayez (Iran), they
conclude that this escarpment is the surface expression
of an ancient left-lateral fault zone of lithospheric
proportions (Forsythe and Zimbelman, 1988). The width of
this shear zone suggests that offsets across this structure
could be in the range of tens of kilometers. Horizontal
offsets of this scale call for a dramatically different
tectonic regime early in the history of Mars, one in which
horizontal motion of the lithosphere played a much more
significant role than in more recent times. It should be
noted that the interpretation of early faulting on Gordii
Dorsum requires that portions of the Medusae Fossae
formation be Noachian in age, rather than the Amazonian
age indicated by the paucity of impact craters (Scott and
Tanaka, 1986). While further work is clearly required to
substantiate the strike-slip origin of Gordii Dorsum and
similar escarpments elsewhere, this hypothesis raises the
intriguing possibility that early Mars was, at least
tectonically, more similar to the Earth than previously
imagined.

A LOOK FORWARD

Research activities encompassed by the MEVTV project
nave clarified many of the issues relevant to the global
evolution of Mars, but the wealth of information revealed
by detailed studies of regional problems has raised many
new questions. Some of the answers to these questions
will be provided by the further analysis of data already
available, which is the approach taken in the MSATT
study project that succeeds MEVTV. New data from the
Mars Observer mission, scheduled for launch in 1992, will
aid in evaluating both global and regional problems
through a combination of long-term monitoring activities
and high-resolution information from selected locations.
Several of the problems addressed during the MEVTV
project will require geophysical and geochemical measure-
ments from widely dispersed locations on Mars, observa-
tions that could be made at multiple lander, rover, and
penetrator sites envisioned for missions following Mars
Observer. The return of documented samples to Earth will
resolve many of the intriguing possibilities raised by the
study of the SNC meteorites, as well as providing
calibration for measurements made from orbit and from

the Earth.
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Appendix 3. Abstracts from Special Sessions at LPSC XXI

To mark the end of the MEVTV project, three dedicated sessions were
held at the 21st Lunar and Planetary Science Conference in March 1990
at the NASA Johnson Space Center, Houston, Texas. Each session was
initiated by an invited overview talk on one of the MEVTV themes; the
remaining contributed talks summarized research progress over the course
of the project. Following are abstracts of the papers given in or associated
with those sessions; abstracts of the three overview talks are given first.
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MARTIAN MAGMAS AND MANTLE SOURCE REGIONS: CURRENT EXPERIMENTAL
AND PETROCHEMICAL CONSTRAINTS

John R. Holloway, Departments of Chemistry and Geology, Arizona State University, Tempe, AZ
85287

Mantle bulk chemical composition has been based on two constraints, SNC
meteorites and the moment of inertia. Recently, the moment of inertia has become highly
controversial and cannot be considered useful (1, 2, 3). The SNC compositions provide strong
constraints (4, 5), but it has not been conclusively proven that SNC's are of Martian origin. It
could reasonably be argued that we do not know the composition of Mars! Never-the-less the
following discussion is based on the presumption that SNC's are of Martian origin and that the
model for the Martian mantle composition based on SNC geochemistry and the assumption of a
chondritic bulk composition is accurate. The primary diffcrence between that Martian mantle
composition and the Earth's upper mantle is the ratio of Mg to Fe, expressed as the mg# (=atomic
Mg/Mg+Fe).

Mantle mineralogy can be calculated from experimental and thermodynamic constraints
given the bulk composition. The major mineral mode in the Martian mantle at a pressure of 30
Kbar is (roughly) 50wt% olivine, 25 orthopyroxene 15 Ca-pyroxene and 10 garnet, which is very
similar to the Earth's upper mantle (6). A major difference compared to Earth is that garnet is
stabilized at lower pressures in Mars (7). A second probable difference which may be important is
that the lower mg# will stabilize pigeonite pyroxene relative to clinopyroxene at temperatures below
the solidus (8). The presence of pigeonite instead of Cpx could affect partitioning of several trace
elements, e.g. REE between source region and primary magmas.

Volatiles in the mantle source region are poorly defined. Sulfur is clearly present in
significant abundance (9). The H20 content is based on SNC's which have yielded two very
different conclusions, one that the Martian mantle is extremely dry (10), and the other that it is
probably at least as wet as Earth's mantle (11). Experimental and petrochemical arguments require
at least a two-stage melting history for at least some SNC source regions (which would give
erroneously low estimates for mantle H20), and SNC's themselves are highly fractionated (which
would yield high estimates). Carbon in the Martian mantle is unconstrained, but arguments based
on planetary accretion would suggest that carbon in the Martian mantle is probably greater than in
the Earth's (12).

Mantle solidus temperatures are well constrained for a volatile-free mantle at
pressures to 30 kbar (230 kms depth)(8, 13). The solidus temperature for a carbonate-bearing
mantle is complex (14, 15, 16, 17). At pressures <20 Kbar carbonates are not stable and have
little direct effect on solidus temperatures. Above 20 Kbar a very small amount (<<1%) of an
alkali carbonate liquid is formed at temperatures <1000°C. At 25 kbar Mg-Fe calcite melts at 1200-
1225°C.

Primary magma characteristics are dominated by the iron-rich, low mg# character.
At low degrees of melting, magmas will be in equilibrium with garnet at pressures above 15-18
Kbar. Compositions are well constrained for a volatile-free mantle at 25 Kbar, where the melt
resembles an iron-rich (23wt% FeO), picritic, alkali basalt at low degrees of partial melting (18).
With an increase in the degree of melting the primary magmas will trend toward iron-rich
komatiites (13). A carbonate-bearing mantle at pressures above 20 Kbar will possibly form a
carbonatitic melt at low degrees of melting, and by 1250°C (possibly 2% melting) the melt will
have a large silicate component and may resemble a kimberlite magma (17).

Derivative magmas. Primary magmas will definitely fractionate olivine during their
ascent to the surface; thus, decreasing their mg# and increasing SiOp, Al2O3 and CaO contents.
Primary magmas produced by small degrees of partial melting would have low initial mg#'s and
this fractionation would produce magmas with mg#'s far lower than SNC parent magmas. Thus,
it is probable that all SNC parent magmas are produced either by large degrees of partial melting,
or that their source region has under gone at least one previous melting event (5, 19). The high
H2O content implied for the Chassigny and Shergotty parent magmas (11) suggests a more
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complex history for those magmas and their source regions than has yet been envisioned for Mars.
The oxygen fugacity estimated from SNC's is close to the quartz-fayalite-magnetite buffer reaction
(11, 20). The viscosity of a generalized SNC parent magma has been measured and ranges from
10 to 200 poise over the 1350° to 1250°C temperature range at one atmosphere pressure (21).
Those viscosities are only slightly higher than the 1-3 poise viscosity of the 23 kbar primary
magma at 1450°C (6).

CO2 solubility has been measured in the proposed parent composition of the SNC
EETA79001 and found to be similar to the solubility in terrestrial basalts with higher mg#;
implying there is little or no mg# effect on CO2 solubility (22). The very low solubility at low
pressure means that CO2 evolution will provide a driving force for magma degassing on Mars as it
does on Earth.

Conclusions which can be reached from the available data are (1) that any Martian
magma produced by processes equivalent to those on Earth will have a significantly higher mg# (2)
the lower mg# will result in lower liquidus and, in mafic and ultramafic compositions, lower
solidus temperatures (3) that Magmas on Mars can have high H>O contents and hence, erupt
explosively, and (4) that magmatism on Mars shows considerable complexity based on just the few
SNC samples available.

Future work should include continued study of the phase chemistry of SNC's followed
by mineral equilibria calculations, melting experiments on hydrous and carbonated mantle mineral
assemblages, measurement of combined CO; and HO solubilities, and attempts to recreate the line
of descent that produced SNC parent magmas. Much more work is needed on the density and
viscosity of the iron-rich melts characteristic of Mars for use in fluid dynamic modelling of magma
collection, ascent and eruption.
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Introduction. The tectonic and volcanic evolution of Mars is strongly coupled
to the evolution of the martian mantle, which has delivered mass and heat to the
martian lithosphere over geological time. Understanding the evolution of the
martian mantle and unraveling the tectonic and volcanic history are tightly
coupled because in the absence of seismic data, surface information and gravity
data are the major ways to constrain interior processes. The overall problem is
highly underdetermined, but some progress has been made in the sense that there
are not an infinite number of interior models that will satisfy the topographical,
gravitational and geological constraints available.

Model results for the Global Dichotomy Boundary (GDB) are limited. There is
general aiteement that this boundary is isostatically compensated, and any
scenario that attempts to explain the gross differences between the two hemi-
spheres must include processes that extend to at least the crust-mantle boundary.

e global center-of-figure to center-of-mass offset is explained by a combination of
an isostatically compensated GDB and a nearly compensated Tharsis.

Most geophysical modeling of Mars has concentrated on the Tharsis and
Elysium provinces. Central to these considerations are the relative roles of struc-
tural uplift and volcanic construction in the creation of immense topographic relief
(1,2]. e origin, classification, and relative timing of tectonic features has also
been a subject of focused study [3,4].

Stress Modeling. The observation of grossly organized tectonic patterns as-
sociated with Tharsis (and to a lesser extent Elysium) have led to the formulation
of a number of theoretical elastic and isostatic models of the interior [5-8]. Such
models are constrained by the observed gravity and topography, satisfy the equa-
tions of mechanical equilibrium, and are usedy to predict stress type, magnitude,
and direction in the lithosphere. The results depend on the estimate of the non-
hydrostatic component of t%e second zonal harmonic of gravity, J,. This estimate
and the corresponding estimate of the mean moment of inertia have been the sub-
ject of recent debate [9,10].

If tectonic features on Tharsis can be separated into stratigraphic groups with
relative age firmly established [3], and if these groups can be related to specific
mechanical models of the interior, then scenarios for interior evolution can be
worked out. Generally, three types of mechanical models have been recognized: (i)
isostatic, (ii) flexural loading, and (iii) flexural uplift. In model (i) the flexural
rigidity D is set to zero and the stress distribution is governed solely by membrane
and gravitational forces. Addition of a non-zero D leads to a different stress distri-
bution, which depends on whether the lithosphere is loaded from above [model (ii);
e.g., volcanic piles] or loaded from below [model (iii); e.g., buoyant uplift]. Model
(i) cannot distinguish isostatic loading from isostatic uplift.

Graben in the Claritas Fossae region of Tharsis are mapped as Early Noachian
in age [3]. Flexural uplift models predict extensional stresses at Claritas Fossae
[8] that are approximately orthogonal to the mapped tectonic features [11]. This
suggests that flexural uplift was an early phase in the tectonic evolution of
Tharsis. To first order, radial graben and fractures on the periphery of Tharsis
are consistent with flexural loading models [5-7], while tectonic features in the im-
mediate Tharsis area are best explained by isostatic models [6,7]. Detailed match-
ing of stress predictions with tectonic features is more problematical. This is part-
ly due to the extremely poor knowledge of martian topography and partly because
all modeling efforts have no choice but to use the resent-day values of the gravity
field and topography to predict ancient stress fields. The most complete modeling
to date uses spherical harmonic coefficients of the field quantities to degree and or-
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der eight [8]. While this model has more resolution than earlier fourth degree
models, it may also be noisier. Locally, predictions are successful in some regions
but do not match as well as earlier models do in other regions (e.g., Valles
Marineris). Attempts to match stratigraphically assigned fracture/graben sets to
either flexural loading or isostatic models have also not been successful because of
inagef;uate azimuthafresolution of the stress trajectories in the two types of
models.

Petrological Models Related to Geophysics. All of the mechanical models
carry an interior density distribution required to match the gravity and togog—
raphy boundary conditions. Isostatic models, for example, are composed of a low
density Pratt-like region in the uill)er mantle and a thinned crust beneath Tharsis.
Flexural loading models carry a thickened crust. The Pratt zone in the isostatic
model can be interpreted in terms of a low density mantle residuum formed by

artial melting that produced basaltic magmas [12]. Isostatic models have been

ormulated that satisfy the gravity and topography boundary conditions and con-
serve mass in a partial melting sequence. More recent work [11] has concentrated
on the implications of a requirement for uplift, as sugiested by the fault distribu-
tion and elevation of Claritas Fossae. While most of the buoyancy for uplift is pro-
vided by a low density residuum, a crustal extrusive load will strongly counteract
this effect unless it is only a small portion of the melt products generated beneath
Tharsis. Thus most of the Tharsis magmas may have ended up as intrusive bodies
in the crust and upper mantle. During the period of intense tectonism of Tharsis
(Hesperian time and earlier), volcanism was not as active at Tharsis as it was on
other parts of Mars [13]. Later (Late Hesperian, Amazonian), Tharsis accounted
for about half of the planet’s volcanism. The picture that is emerging is that early
in the history of Tharsis, massive intrusion led to tectonic disruption of the sur-
face. Subsequently, magmas made their way to the surface and tectonism waned.
The reason for this evolution may have been decreasing melt density as the partial
melting process evolved toward lower iron content of basaltic magmas. The con-
cept of massive intrusion leading to the immense relief of Tharsis blurs the dis-
tinction between uplift and constructional models.

Future Directions. While geological mapping of Tharsis has reached a high
level of maturity, there are major areas of geophysical modeling yet to be carried
out. Time-dependent thermoelastic modeling has not been considered, nor has
stress modeling with the majority of the flexural load in the form of intrusive
bodies. Considerable work on the spatial and temporal variation of elastic
lithospheric thickness [14] and inferred temperature gradient [15] has not been in-
corporated into the regional-scale stress modeling described above. The accuracy
an?resolution of stress modeling will undergo marked improvement with the to-
pography and gravity field information to be acquired by Mars Observer. Finally,
some of the models for the origin and evolution of Tharsis, which predict specific
differences in magma composition as a function of age, can possibly be tested with
data acquired by the remote sensing instruments on Mars Observer.
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The antiquated geologic term "revolution” is defined as "A term formerly popular
among geologists for a time of profound orogeny and other crustal movements, on a
continentwide or even worldwide scale, the assumption being that such revolutions produced
abrupt changes in geography, climate, and environment" [1]. The term is little used today
because of changes in our definition of "orogeny" and in our understanding of Earth’s
geologic history. Herein, I informally resurrect the term for Mars, in modified form,
because of its suitability to this planet. My definition is "a time of profound geologic
activity resulting in global changes in physiography, climate, or environment."

On Earth, most surface rocks (except the youngest) record a cumulatively complex
geologic history, and their landscapes are largely molded by surficial processes. On Mars,
however, structure and topography are more directly the results of volcanism and tectonism.
Singular, major volcanic and tectonic events dominated in shaping the surface, and they.
strongly influenced the planet’s environment. Impaet-cratering has also had a major role
in the geology of Mars, and geologic revolutiens related to cratering events may be
proposed. However, here I examine only these Tevolutions apparently or possibly related
to” volcanism and tectonism, becduse 1 am reviewing: the thrust of work from NASA’s
research project "Mars: Evolution of Volcanism, Tectonism, and Volatiles.”

Below 1 outline three possible revolutions on Mars that are based on geologic
evidence. Each includes uncertainties in such fundamental aspects as origin, nature and
sequence of events, and environmental significance. Activity of the revolutions overlapped
somewhat because of their longevity and planetwide effects. Nevertheless, the concept that
revolutions have dominated the surface history of Mars provides a context for. evaluating
individual geologic events and the interrelation of geologic forces with climate and
environment. S

(1) Plate tectonics and the northern lowlands. Researchers have advocated either
impact [2, 3] or tectonic origins [4, 5] for the northern lowlands (which cover about 40%
of Mars), and this controversy will likely continue until more definitive data are gathered.
Geologic observations and inferences consistent with a plate-tectonic origin [6] include (a)
the lowering of a broad section of the crust (possibly through isostatic adjustment of a
thinned crust [4]); (b) the possibility that Phlegra Montes (a north-trending ridge complex
more than 1,000 km long and about 1,000 km northeast of Elysium Mons) are an extinct
spreading center (suggested by their elevation, spreading-ridge morphology, and central
location in the northern lowlands); and (c) the appropriate position and orientation of
Tharsis Montes for arc-type volcanism relative to Phlegra Montes. Phlegra Montes were
heavily degraded during the Late Noachian [7], indicating that any associated volcanic and
tectonic activity had ceased by then. If further analysis confirms a tectonic hypothesis, this
revolution accounts for major topographic modification of nearly one Martian hemisphere.

(2) Tharsis tectonism and filling of lowlands. The Tharsis rise is a complex of
tectonic centers that include Tharsis Montes, Syria Planum, Claritas Fossae, the Thaumasia
rise, Valles Marineris, Tempe Terra, Alba Patera, and Ceraunius Fossae. It largely
developed during Noachian and Hesperian time [8]. Systems of near- to far-ranging radial
and concentric grabens formed concomitantly with development of topographic highs [9].
During the Late Noachian and Early Hesperian [8], wrinkle ridges were formed concentric
to the Tharsis rise and more than 2,000 km away from its center. The rise and its
associated structures stretch out over a hemisphere of the planet. Two profound effects
may have resulted from the uplift: (a) the uncompensated mass distribution of the planet
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may have been significantly altered [10], which may have resulted in polar wandering [11]
and temporarily high obliquity [12] that changed ice-frost depositional environments [13,
14]; and (b) the probable formation of a broad zone of increased hydraulic potential in the
ground-water system [15]. Fault activity, earthquakes, and volcanic heating associated with
the rise caused breakouts of debris flows and catastrophic floods that carved the outflow
channels of Chryse Basin and Mangala Valles [15-17]. These discharges contributed to
extensive erosion of large highland areas, resurfacing of much of the northern plains [18],
and a major redistribution of the planet’s ground water (some likely ended up in the polar
caps).

(3) Centralization of volcanism at Tharsis and Elysium. By the end of the Early
Hesperian, Martian volcanism had changed dramatically. Previously, it had dispersed over
the planet fields of broad, simple lava flows originating from fissures (minor central,
dominantly pyroclastic volcanism was probably produced by phreatomagmatic eruptions).
Now, volcanism began to produce regional fields of elongate, lobate flows and to build large
shields or fissure complexes at Tharsis and Elysium [19, 20]. These changes could have
resulted from general cooling and thickening of the lithosphere that decreased the magma
supply rate [19] and from pronounced hydrothermal circulation that drove away ground
water from eruptive centers. Possible related effects of centralized volcanism include (a)
further changes in the planet’s uncompensated mass distribution, with consequences as
noted above; (b) continued discharge of ground water at the peripheries of volcanotectonic
rises; and (c) strong localization of heat flow, which would have affected the form of the
cryosphere and possibly decreased planetwide small-valley formation by sapping during the
Early Hesperian [21].

We are fortunate that the surface of Mars, unlike surfaces of most other
photographed bodies in the Solar System, so richly and straightforwardly reflects both the
long-term geologic and the environmental histories of the planet. We can thus identify and
postulate revolutionary events in Martian volcanic and tectonic history that produced
profound changes in the planet’s orientation, physiography, climate, ground and surface
volatile distributions, and heat flow.

References

{1] Bates, R.L., and Jackson, J.A., eds., 1987, Glossary of Geology, 3rd ed., p. 565.

[2] Wilhelms, D.E., and Squyres, S.W., 1984, Nature, 309, 138-140.

[3] Frey, H,, and Schultz, R.A., 1988, Geophys. Res. Lett., 15, 229-232.

[4] Wise, D.U., Golombek, M.P., and McGill, G.E., 1979, J. Geophys. Res., 84, 7934-7939.
[5] McGill, G.E., 1989, Abstracts Lunar Planet. Sci. Conf. XX, p. 667-668.

[6] N.H. Sleep, personal communication, 1989.

[7] Tanaka, K.L., Chapman, M.G., and Scott, D.H., in press, USGS Misc. Inv. Ser. Map.

[8] Scott, D.H., and Tanaka, K.L., 1986, USGS Misc. Inv. Ser. Map I-1802-A.

[9] Tanaka, K.L., and Davis, P.A., 1988, J. Geophys. Res., 93, 14,893-14,917.

[10] Reasenberg, R.D., 1977, J. Geophys. Res., 82, 369-375.

[11] Melosh, H.J., 1980, Icarus, 44, 745-751.

[12] Ward, W.R,, Burns, J A, and Toon, O.B,, 1979, J. Geophys. Res., 84, 243-259.

[13] Schultz, P.H., and Lutz, A.B., 1988, Icarus, 73, 91-141.

[14] Jakosky, B.M., and Carr, M.H., 1985, Nature, 315, 559-561.

[15] Carr, M.H., 1979, J. Geophys. Res., 84, 2995-3000.

[16] MacKinnon, D.J., and Tanaka, K.L.,, in press, J. Geophys. Res.

[17]) Tanaka, K.L., and Chapman, M.G,, in press, J. Geophys. Res.

(18] Lucchitta, B.K., Ferguson, H.M., and Summers, C., 1986, Proc. 17th Lunar Planet. Sci. Conf., J. Geophys.
Res., 91, E166-E174.

[19] Greeley, R., and Spudis, P.D., 1981, Rev. Geophys. Space Phys., 19, 13-41,

[20] Tanaka, K.L., 1986, Proc. 17th Lunar Planet. Sci. Conf,, J. Geophys. Res., 91, E139-E158.
[21] Wilhelms, D.E., and Baldwin, R.J., 1989, Proc. 19th Lunar Planet. Sci. Conf., p. 355-365.



LIMITS ON THE COMPOSITIONAL VARIABILITY OF THE MARTIAN
SURFACE. John B. Adams and Milton O. Smith, U. of Washington, Seattle, WA 98195

We analyzed spectral reflectance data from Viking Landers and Orbiters and from telescopic
observations, with the objective of isolating compositional information about the Martian surface
and assessing compositional variability. Two approaches were used to calibrate the data to
reflectance to permit direct comparisons with laboratory reference spectra of well characterized
materials (1-7). In Viking Lander multispectral images (six spectral bands) most of the spectral
variation is caused by changes in lighting geometry within individual scenes, from scene to scene
and over time. Lighting variations are both wavelength independent and wavelength dependent
(1). By calibrating Lander image radiance values to reflectance using spectral mixture analysis (1)
we assessed the possible range of compositions with reference to a collection of laboratory
samples, also resampled to the Lander spectral bands. All spectra from the Lander images studied
plot (in 6-space) within a planar triangle having at the apexes the respective spectra of tan basaltic
palagonite, gray basalt and shade. Within this plane all Lander spectra fit as mixtures of these
three endmembers; therefore, pure materials that occupy this space cannot be distinguished
mixtures of these endmembers. Reference spectra that plot outside of the triangle are unable to
account for the spectral variation observed in the images.

In earlier work (1) we concluded that the rocks at the Lander sites could be unweathered
basalts or andesites, and that both oxidized and unweathered basaltic fines were present.
Laboratory spectra of many basalts and andesites appear similar when sampled with the six
Lander bands. The main difference between the two rock groups is that the basalts typically are
darker than the andesites. Otherwise, both rock types are spectrally similar, having nearly equal
reflectances at all wavelengths ("gray"). If andesitic rocks occur on Mars there also should be
andesitic tephra, which, unaltered, has a substantially higher albedo than basaltic tephra.
Accordingly, we searched Lander images for gray, moderate albedo rocks and for a light gray
component of the fines. In addition, we postulated that aeolian abrasion might produce finely
particulate crystalline basalt (unweathered) that would be expected to have a spectrum close to
that of andesitic tephra.

Fig. 1 shows the endmember triangle on the plane defined by Lander bands 1 and 3, and
illustrates that a small portion of the data encompasses andesites, andesitic tephra, and mixtures
of basalt and crystalline basalt powder, giving the impression that these or spectrally similar
materials are present in the Lander images and mix with the other spectral endmembers.
However, when each spectrum is traced back to the image, the context reveals that this gray
"component” always coincides with a specular lighting geometry. To compare image and
laboratory spectra the lighting geometries of the measurements must be approximately the same.
Bidirectional and total hemispherical laboratory measurements avoid specular reflections, because
for most silicates they introduce a "gray" component that increases the overall lightness and
reduces spectral contrast. Many Lander images, however, include local areas (especially on
dust-free rocks) that have specular (or quasi-specular) reflection from surfaces that are oriented
appropriately relative to the sun and the camera. These specular reflections, which occur at both
pixel and sub-pixel scales, plot outside the basaltic spectral endmember plane, coincident with the
spectra of andesitic materials and their mixtures with the basaltic materials. The specular
reflections disappear when the same areas are imaged under different lighting conditions. Thus,
there is no spectral evidence for an andesitic or other spectrally similar components at the Lander
sites.

A Viking Orbiter image (3 bands) was analyzed of the Chryse Planitia - Kasei Valles - Lunae
Planum region that includes the Lander 1 site. The calibrated spectra plot within the central part
of the mixing triangle defined by the Lander data, indicating that these Orbiter pixels are
consistent with mixtures of the Lander endmembers, and that the reference spectra (basaltic
palagonite, basalt and shade) account for the spectral variation at a regional scale. The three broad
Orbiter bands, although of limited use for identifying most materials, are sufficient to distinguish
a light achromatic component. This component was not detected, therefore, we detected no areas
of pure andesite or andesitic tephra, or mixtures of these materials with the modeled basaltic
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materials. The basaltic reference spectra also fit the spectral variation in 1969, 1973 and 1978
telescopic spectra.

The spectral detectability of andesite or of any other material on Mars depends on several
factors, including the spectral contrast between the material and its background, the spectral and
spatial resolution, and the signal-to-noise of the data. Although a few percent of andesitic
materials cannot be ruled out, and other Orbiter images and telescopic spectra remain to be
analyzed, all of the spectral data examined so far fit the model of the Martian surface consisting
primarily of basaltic rocks, unweathered basaltic fines, and chemically weathered basaltic fines.
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B., Smith M. O, Christensen P. R., and Singer R. B. (1989) J. Geophys. Res. 94, 1573-1587.
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Figure 1. Histogram of six-band spectra from a Viking Lander image (VL.1-28) displayed on the
two-dimensional plane of bands 1 (blue) and 3 (red). Units are in percent reflectance. Contours
show increasing number of pixels toward a maximum near blue = 10, red = 20. Laboratory
reference spectra, resampled by the Lander bands, are plotted as filled circles. Basalt tephra (1),
basaltic rocks (2), andesitic rocks (3), andesitic tephra (4), and basaltic rock powder (5) plot on
or near the achromatic line (blue = red). The stippled region corresponds to specular reflections
from a few (mostly rock) surfaces in the image. Basaltic rock (2), fine-grained weathered basaltic
palagonite (6) and mixed grain-size basaltic palagonite (7) along with shade (blue = 0, red = 0)
model the non-specular parts of the image.
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*x* Laboratoire d’Aérothermique (UP 1301)%, CNRS, 92195 Meudon
Cédex, France.

Climatic conditions on planet Mars could be mainly
described by its mean annual temperature of -60°C and its
atmospheric pressure of about 600 Pa (6 mb) which involve a dry
periglacial type climate. Even taking into account this low
pressure, it could be considered that the water-ice equilibrium
temperature is about o°c (AT, = 0,00737 kbar~ixAp (1)).
Permafrost extends all over planet Mars with a near surface
ground-ice at mid and high latitudes. Sublimation of the ice
contained in the upper layers at equatorial latitudes implies a
deep ground-ice (2, 3).

Like in the coldest terrestrial periglacial regions as
Yakutia (Siberia), the important width of some martian outflow
channels and the presence of permanent ground-ice lead to the
idea that thermal erosion existed during fluvial outbursts (4).
The thermal erosion process follows from a thermal action of
thawing produced by the heat exhange between the water flow and
the frozen ground and a mechanical action of sediment transport.
For example, Siberian backwearing of river slopes can reach 25
m/year (5, 6). Due to the poor information about fluvial actions
on Mars and to the complexity of the thermal process of change
of phase and of the mass transport phenomena, the study of the
fluvial thermo-erosion in Mars presents great difficulties.

From the qualitative point of view, this paper proposes
some physical models which could describe the interaction of the
thermal process and of the sediment transport. From the
qguantitative point of view, only thermal models are proposed and
discuted.

Roughly, it is considered that thermal erosion consists of
the wash~out by mechanical action of the unfrozen sediments. The
zones undergoing the most efficient erosion are the river banks;
in these circonstances, study of twodimensionnal thermal
processes with change of phase are necessary. Such a problem
will be analysed in other paper. Here, mechanical erosion, of
the bottom of wide rivers (martian outflows) is considered using
onedimensionnal thermal model. In such models, a semi-infinite
soil is considered with an initial temperature equal to the
equilibrium water-ice temperature; thawing is supposed existing
due to a fluvial flow at Positive Celsius temperature producing
a thermal flux on the bottom through the deep ground.

Results on the melting front propagation wusing the
different proposed models are discussed. A strong model which
describes extreme conditions supposes constant thermal flux on
the ground surface and an immediat removal of unfrozen sediments
(fig. 2). Other models don’t take into account such a wash-out
of unfrozen sediments and consider either a constant flux (fig.
3), or a constant heat transfert coefficient. Determination of
this coefficient needs the calculation of dimensionless numbers
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(Reynolds, Prandtl, Nusselt) and the consideration of turbulent
regime of flow:
vi

Reynolds Number Re= N
Prandtl Number Pr=3%-
Nusselt Number Nu ={%= F(Re, Pr)
where L is the depth of the river, V the velocity of the
flow,Y , « and K are respectivelly the kinematic viscosity, the
thermal diffusivity and the thermal conductivity of the water; h
is the heat transfer coefficient.

The discussion of results shows the different importance of
fundamental parameters involved in the thermal processes and a
preliminary choice of the model giving the best satisfaction.

A research programm is proposed in order to take into
account interaction of thermal processes and mechanical erosion,
for both onedimensional and twodimensionnal models. Concerning
futur planetary missions, suggestions are made in order to get
more detailled observation of certain physical and morphological

interesting aspects.
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CHEMICAL WEATHERING OF BASALTIC ROCKS UNDER COLD ARID CONDITIONS;
C. C. Allen, Northwest Environmental Center, Richland, WA 99352 and J. L. Conca, Earth and
Environmental Sciences, Washington State University Tri-Cities, Richland, WA 99352.

Chemical weathering of basaltic rocks in the high altitude, ice-free areas of Victoria
Land, Antarctica produces etch pits and secondary minerals including illite and quartz. This
occurs under some of the driest and coldest conditions encountered on earth. Weathering
under cold, arid conditions was investigated as a possible source of the pitted rocks and clay
minerals at the Viking landing sites on Mars.

Antarctica Fine-grained, non-vesicular cobbles derived from dolerite (basalt)
intrusives are a distinctive feature of the Allan Hills nunatek, Beacon Valley, the Olympus
and Asgaard Ranges, and most other high altitude, ice-free areas of Victoria Land, Antarctica.
Ubiquitous etch pits in these cobbles range from mm to several cm in diameter (Fig. 1).
They are formed by dissolution of the rock by infrequent snow meltwater during the austral
summer. Snowfall contributes an undetermined amount of water per year, 1-10 mm
maximum, confined to a few storms. Moisture in the etch pits lasts for tens of hours before
evaporation. Wind erosion removes weathered material from the pits. Rocks exhibiting etch
pits have been exposed to weathering up to 690,000 years (1).

A yellow precipitate lines the upper interior walls and a very thin zone of active
weathering underlies the pit bottoms. Infrared spectroscopy indicates a combination of
quartz and clays in the illite/montmorillonite series (2). The O-H stretch for structural
hydroxyl at 3624 cm-! and the Si-O stretches at 1033 cm'! and 750 cm-1 positively
identify the clay as non-mixed layer illite (<10% montmorillonite). The yellow precipitate
consists of 65% illite, 30% quartz and <5% soluble salts in an intimate mixture.

The presence of well-crystalline, discrete illite was confirmed by transmission
electron microscopy. Typical illite particles are subhedral flakes 1-2 microns in width
(Fig. 2). Electron diffraction patterns are well-developed and show no evidence of mixed-
layering. However, the quartz was very poorly crystalline. The Al/(K+Mg) in the
precipitate was 4.6 - 4.7 which is very close to the 4.2 of idealized discrete illite. The illite
has the composition Ko 4Mgp.1Al2 1Si3 3010(OH)2.

Illite has never before been described as a surface weathering deposit precipitated
directly from solution, although it can occur as a subsurface weathering product of primary
micas (3,4). Previous experimental investigations of etch pit solution chemistry during
wetting show that the aqueous chemistry is exofic with fluoride, ammonium, sulfate, sodium
and nitrate ions occurring in high concentrations of 10 to 30 ppm, buffered by the
preexisting secondary minerals (5). However, the F/Ci ration in solution is 2, the same as
the basalt substrate. During evaporation-induced precipitation, most of the cations enter
soluble salts. NH4* and Ca2+ precipitate from solution first along with NO3~ and SO42-,
followed by Na*, K* and Mg2+ along with F- and CI". After complete evaporation, Si, K, Mg
and Al are left in a gel that eventually crystallizes as illite and quartz in a nearly constant
ratio of 2.2:1. The crystallization takes place at near-freezing temperatures when the rock
surface is heated to above 0°C by solar illumination. The occurrence of illite indicates that
Na, Ca and Mg are efficiently removed by precipitation in salt phases, and not incorporated
into silicates during cold crystallization from solution. Elsewhere in the basalt,
montmorillonite and vermiculite clays occur as alteration products of the primary minerals
under conditions separated from the etch pit solutions. Therefore, extremely low moisture
fluxes together with cold temperatures cause a variety of metastable conditions to occur over
small distances.
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Fig. 1. Basalt cobble with etch pits formed Fig. 2. lllite flake from yellow precipitate.
by chemical weathering Particle width is 2 microns.

Mars Most of the rocks at the Viking landing sites are coarsely pitted, with pit
diameters of 0.3 - 1 em. They are generally identified as vesicular lavas, though
preferential etching of softer minerals in coarse-grained rocks has also been suggested (6).

The surface fines at the two Iandfné sites are thought to be secondary weathering

D

products, predominantly clay minerals: = On earth; clays generally form in-moist, 1émperate”

environments far different from the extreme -cold ‘and aridity of the present martian surface.
Proposed mechanisms for clay formation on Mars include hydrothermal interactions of
water and rock, heated by volcanism or impact (7).

The present investigation of chemical weathering in Antarctica shows that pitting
and clay formation can occur in extremely cold and arid climates as a result of mechanisms
not operable at higher temperatures under relatively wet conditions. In iess than 690,000
years non-vesicular, fine-grained basalt becomes strikingly pitted by exposure to minimal
snowfall and wind erosion. |lllite and quartz are produced by infrequent, short-term
weathering events. Mars, with colder more arid conditions but a much older surface, has
also experienced infrequent catastrophic wetting events and occasional surface fog
condensation. Such mechanisms may have played a part in forming the striking landscapes at
the Viking landing sites.

This work was supported by NASA Grant NAS 7-918 and NSF Grant DPP-8206391.
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Ancient Ocean-Land-Atmosphere Interactions on Mars: Global Model and Geological
Evidence. V.R. Baker, R.G Strom, S.K. Croft, V.C. Gulick, J.S. Kargel, and G. Komatsu, Dept. of Planetary
Sciences, University of Arizona, Tucson, AZ 85721.

A great variety of geological evidence indicates that Mars has experienced past climatic epochs
characterized by intense fluvial activity (1,2,3,4), glacial, periglacial and permafrost processes (5,6,7,8,22),
and phases of intense degradation of impact craters (9,10). The evidence indicates planetwide causative
climatological conditions very different from those prevailing today and probably generated several times
during early Martian history.

The following model is consistent with a remarkable diversity of geological evidence, some of which
is otherwise anomalous with regard to alternative hypotheses. Episodic cataclysmic flood discharges of
immense volume emanated almost exclusively from an equatorial zone of fractures peripheral to the Tharsis
Bulge, including Memnonia Fossae (Mangala Vallis) and the Valles Marineris system (Kasei and Maja Valles)
extending eastward to the Chryse Trough (Shalbatana, Simud, Tiu, and Ares Valles). The huge water
volume stored in the fracture system (including ponding in the Valles Marineris) may have had its release
triggered by volcanism centered on the fracture system at Tharsis. Concentration of volcanism in short time
spans may occur as in terrestrial rifting (11). Based on excavated channel volumes (12), total water
debouched to the low-lying Northern Plains would be at least 7.5x10° km’. Allowing for drainage of extensive
subsurface aquifers (13), several times this volume could have been discharged, constituting the equivalent
of a planetwide layer hundreds of meters deep (14). Concentration of this water in the Northern Plains would
comprise a northern hemispheric ocean (Oceanus Borealis), the relic vestiges of which are manifested as
ponded sediments (15,16,35), polygonal fractures (17), and ground-ice features (6,7).

Catastrophic invasion of the plains by relatively warm flood water would have vaporized the carbon
dioxide ice of the north polar cap. Subsequent evaporation of water and sublimation of the Oceanus
Borealis ice cover would have occurred at atmospheric pressures elevated well above present conditions.
Addition of water vapor, a greenhouse gas, to the enhanced carbon dioxide atmosphere probably would
have triggered additional feedbacks, perhaps releasing adsorbed CO, (18) from the previously cold regolith.
The warming effect would have been further enhanced and/or modulated by optimum periods of obliquity
and orbital eccentricity.

The global climate associated with cataclysmic formation of Oceanus Borealis was probably
relatively short-lived and analogous to terrestrial glacial climates. Valley networks formed by precipitation
related to the last formation of Oceanus Borealis during early Amazonian time are limited to low permeability
zones on Alba Patera (19,20). More extensive are the widespread occurrences of periglacial landforms in
the cratered uplands (7,8) and along fretted terrain margins of the highlands/lowlands boundary (21).
Evidence of alpine-type glaciation in areas of the southern highlands at high latitudes (22) and possible
formation of ice masses in outflow channels (23,24) probably reflect this early Amazonian glacial climate.
The last glacial epoch may have consisted of an ice sheet extending from the south pole to about -45
degrees latitude.

Precipitation and temperature during the maritime climatic epoch probably fluctuated with the forcing
of various orbital parameters. Water from the evaporating/sublimating ocean was gradually sequestered
through recharge into the heavily cratered uplands and infiltration into the sea floor. With its disappearance,
the ocean could no longer contribute water vapor to the greenhouse warming. This would rapidly lead to
a return of the planet to atmospheric conditions similar to those prevailing today.

Although elements of the above sequence are best evidenced during early Amazonian time, the
process could have been repeated with variations throughout martian history. Water release from subsurface
aquifers was probably most extensive during the Noachian when volcanic activity was widely distributed in
the martian highlands. Hydrothermal cycling (25,26,27) could have been important in valley network
initiation, subsequently enhanced by precipitation during the maritime climate that followed ocean formation.
The global distribution of scapolite (36) may be the result of hydrothermal processes involving CO,.
Precipitated water would largely infiltrate the highly permeable martian substrates (megaregolith and lava
flows), subsequently emerging as springs, thereby enlarging valleys through sapping. At least one such
phase of valley development appears to be post-heavy bombardment (Hesperian) in age (28,29). At the
termination of a maritime climatic epoch much of the planetary water recycled from the temporary ocean
would be trapped in aquifers of the cratered highlands. There it would reside until released by subsequent
temporal/areal concentration of volcanic activity. Because of atmospheric escape processes (30), the
initially high endowment of martian water (31) should have been continuously declining through time. This
probably contributed to the far greater component of fluvial (valley network) activity during Noachian time
versus the predominance of glacial/periglacial features in the early Amazonian. The last phases of outflow
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channel activity (Amazonian) from Maja Vallis and Elysium eroded older ocean floor and shoreline forming
a much smaller sea. This last smallest sea would be associated with the glacial activity in the southern
hemisphere.

It has not escaped our attention that, given sufficient time, large standing bodies of water
under a relatively mild climate could have provided conditions favorable for the inception of life.

The long-term, cyclic formation and dissipation of Oceanus Borealis and its attendant ramifications
obviously have planetwide implications that will require both theoretical modeling and testing against
geological constraints. As a preliminary contribution to what will need to be a broad-based interdisciplinary
research effort, we note the following points of consistency with the periodic ocean formation and
hydrological cycling hypothesized herein.

Basal Scarps Surrounding Volcanoes. Initiation of the Olympus Mons scarp either as a table
mountain in vestigial oceanic ice (23) or as a wave-cut margin (as on Hawaiian volcanoes) is readily
accommodated, with post-maritime enhancement mainly involving mass wasting. A similar basal scarp
around Apollinaris may also be related to Oceanus Borealis.

Layered Terrain in Valles Marineris. This may be lacustrine deposits laid down in lakes which
occupied the valley early in its history (33). In some areas, e.g., Ganges Chasma, the source of the water
was probably in the subsurface (34). The canyon may have been breached more than once, eroding the
sediments and supplying water to the ocean.

Shoreline. Gradational boundary materials at the margin of the southern uplands and northern
lowlands are probably best interpreted as sediment deposition in an ocean (15). This boundary probably
represents the shoreline of an unfrozen ocean which occupied about 25 percent of Mars' surface.

Runoff Valleys. Drainage networks on Alba Patera, Ceraunius Tholus, and Hecates Tholus could have
been caused by precipitation runoff from atmospheric moisture derived from an ocean (19).

Widespread Glacial Features. Widespread glacial features such as eskers, aretes, cirques, kettles,
and outwash plains southward of about -45 degrees may be the result of the final ablation of an ice sheet
precipitated from water supplied by Oceanus Borealis and cold-trapped as snow in the higher elevations of
the southern hemisphere (22).

Impact Crater Degradation. The impact cratering record indicates there was at least one and
probably several major episodes of crater obliteration near the end of late heavy bombardment and later
(9,10) which could have been caused by fluvial, glacial, and eolian erosion and deposition resulting from
a denser atmosphere, at least in part, derived from Oceanus Borealis.

References. 1.Baker,V.R.(1982),The__Channel f _Mars,Univ. Texas Press. 2CamrM.H., and
Clow,G.D.(1981),lcarus,48,91-117. 3.Mars Channel Working Group(1983),Geol. Soc. America Bull.94,1035-
1054. 4.Baker,V.R.,Carr,M.H. Gulick,V.C.,Marley,M.S.,and Williams,C.R. (in press) in Mars,(ed. H.H.
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THE EVOLUTION OF THARSIS: IMPLICATIONS OF GRAVITY,
TOPOGRAPHY, AND TECTONICS: W. B. Banerdt and M. P. Golombek, Jet Propulsion
Laboratory, California Institute of Technology, Pasadena, CA 91109

Introduction: Dominating the western hemisphere of Mars, the Tharsis rise is an elongate area
centered on Syria Planum that ascends as much as 8 to 10 km above the datum. It is intensely
fractured by long, narrow grabens that extend radially hundreds of kilometers beyond the rise and
is ringed by mostly concentric wrinkle ridges that formed over 2,000 km from the center of the
rise. Its size, involving a full hemisphere of Mars, gives it a central role in the thermo—tectonic
evolution of the planet and has stimulated a number of studies attempting to determine the sequence
of events responsible for this unique feature [1-5]. In this abstract I review the constraints that
gravity and topography data place on the current structure of Tharsis, along with insights into its
development derived from comparisons of detailed regional mapping of faulting with theoretical
deformation models. Finally, a self—consistent model for the structure of Tharsis is proposed.

Gravity and Topography: The gravity and topography of Tharsis show a high degree of
correlation, with a large proportion of the spectral power contained in the lowest harmonics
(degrees 2-3). The apparent depth of compensation derived from the spectral admittance depends
strongly on wavelength, ranging from over 1000 km at degree 2 to about 100 km for the shorter
wavelengths [6]. Stated plainly, there is a large excess of gravity at long wavelengths relative to
that which can be explained by simple compensation models. There are a limited number of ways
to realistically accommodate this. One is isostatic compensation utilizing a density dipole, with a
shallow positive anomaly overlying a deeper negative anomaly [4,7]. This model requires massive
removal of crustal material and static support by a thick (~300—400 km), immobile layer of
magmatically depleted mantle. Another approach is dynamic support by mantle convection [8].
This would imply a single immense plume that has not moved significantly with respect to the
lithosphere since the Noachian. The third possibility is partial flexural support of the load [2]. In
this case a modestly thicker crust is required with a >100 km thick lithosphere that is capable of
supporting stresses of several hundred MPa.

Faulting: The timing and extent of faulting around Tharsis is both long lived and varied,
involving both local/regional events and full hemispheric events [1,9-11]. For hemisphere-wide
patterns relevant to the theoretical stress models, three distinct events have been recognized. In the
upper Noachian, a radial system of grabens formed that marks the first unequivocal tectonic event
in the formation of Tharsis. This fracture system, centered on Syria Planum [10] can be traced
from near the center of the rise to beyond its flanks in exposed Noachian aged units. In the lower
Hesperian, massive outpourings of fissure volcanics formed the surface now recognized as Lunae
Planum and similarly aged plains surrounding Tharsis (the so—called ridged plains). Shortly after
deposition of the plains, concentric wrinkle ridges formed [11] that are also centered in Syria
Planum. By upper Hesperian times another enormous radial normal faulting event occurred, this
time centered near Pavonis Mons [10]. This was followed by long-lived volcanism (throughout
the Amazonian) to form the prominent central volcanoes of Tharsis and their aprons. One other
faulting event has been related to stress models. A system of E-W trending normal faults formed
in Claritas Fossae, an uplifted horst of Noachian aged terrain that is covered by all Hesperian and
Amazonian units [5,9]. These faults are consistent with a Tharsis—concentric pattern, but this
fracture system is only found in a limited area, so its regional significance is unclear.

Stress calculations: These two types of information, gravity/topography and surface strain, can
be linked in a complementary fashion via theoretical stress modelling [2,4]. In broad terms, three
distinct fault patterns can be generated at the surface of a spherical shell that supports a roughly
circular, long—wavelength topographic high by static means. If the topography is due to uplift of
the lithosphere, circumferentially oriented extensional features within the uplifted portion and
radially oriented compressional features in the periphery are predicted. In contrast, a surface load
that causes subsidence of the lithosphere predicts the opposite sense of faulting, with
circumferential ridges within the load region and radial extensional faulting farther out. Isostatic
support of topography generates a stress field that predicts radially oriented normal faulting in a
region around the topographic center and circumferential ridge formation near its edges. In
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addition, the isostatic stresses are much smaller in magnitude than those for the flexural cases (~50
MPa vs. 200400 MPa). Stresses due to convective support of topography are still under study,
but the patterns are likely to be similar to those of the uplift case.

These results place some strong constraints on the evolution of Tharsis as reflected in its
structural record. Only the uplift case (and, possibly, convective support) can form circumferen-
tially oriented grabens. Such grabens have tentatively been identified only in the oldest (early
Noachian) units in Claritas Fossae [5,9]. Thus this mechanism can be ruled out for all but perhaps
the earliest stages of formation. Circumferentially oriented ridges near the edge of the rise are a
feature of both the isostatic and subsidence cases, with the former extending the ridge zone
outward and the latter extending it inward. Thus the distribution of ridges tends to marginally
favor an isostatic regime. The most clear—cut distinction between these two cases, however, is in
the respective regions of radial extensional faulting. Inner radial faulting is possible only in the
isostatic case, whereas outer radial faulting can occur only in the subsidence case; the conditions
under which these two patterns form are mutually exclusive. However stratigraphic mapping has
shown that both inner and outer radial faulting have occurred contemporaneously over a
considerable interval of Tharsis history [12]. Thus there is a fundamental contradiction between
apparently robust model results and observation.

1: The stress models described above assume that the load is supported by a
homogeneous elastic shell. But the actual rheology of the lithosphere is undoubtedly more
complex [e.g., 12-14]. Laboratory and field measurements on Earth indicate that the strength of
rocks in the shallow lithosphere is generally limited by frictional sliding on preexisting faults,
giving a strength that increases with depth. At the higher temperatures characteristic of the lower
portions of the lithosphere ductile creep becomes the strength-limiting factor, with the conductive
thermal gradient causing a decrease in strength with depth. In addition, ultramafic minerals
characteristic of mantle rocks have a considerably higher creep resistance than those minerals
common in crustal rocks. Thus the lithosphere may have two strength maxima separated by a
ductile layer in the lower crust. The existence and strength of this ductile layer will depend on the
crustal thickness and thermal gradient, with larger values of either of these parameters making such
a layer more pronounced.

The gravity observations described above, along with the difficulties inherent in creating a
realistic isostatic structure, argue for flexural support of the Tharsis load. Additionally, most of the
regional tectonic deformation, with the notable exception of the inner radial faulting, is consistent
with subsidence of the lithosphere. We contend that the formation of the inner radial fault pattern
is a natural consequence of the thickened crust and higher heat flow resulting from the extrusive
and intrusive volcanic construction of the Tharsis rise.

If Tharsis is formed by construction, it acts as a flexural load on the elastic lithosphere. Far
from Tharsis the lithosphere consists of both the crust and upper mantle. However, within Tharsis
itself, the thickened crust and high heat flow will act to decouple the upper crust from the strong
zone in the upper mantle. In this situation the upper mantle strong layer, which constitutes most of
the lithosphere in either case, will deform as part of the global shell, transferring flexural stresses
and displacements to the rest of the shell. The relatively thin, brittle upper crustal layer will deform
not as part of the greater shell, but rather as a spherical cap with a lubricated lower surface and a
peripheral boundary which is fixed to the global shell. Thus it will respond primarily to isostatic
spreading forces and increases in its radius of curvature {15] induced by the subsidence of the
lower lithosphere. Both processes induce circumferential extension within the cap, leading to
radial faulting within the highland area. Qutside this region of decoupled crust, faulting will be due
to flexural stresses caused by the overall lithosphere subsidence. Radial compression is likely to
be concentrated near the boundary of the two regions.

References: [1] Wise et al. Icarus 38 456, 1979; 52}1 Banerdt et al. JGR 87 9723, 1982; [3]
Solomon and Head JGR 87 9755, 1982; 54] Sleep and Phillips JGR 90 4469, 19835; (5] Phillips
et al. JGR in press; [6] Phillips and Saunders JGR 80 2893, 1975; [7] Slec;l) and Phillips GRL 6
803, 1979; [Sfoe er and Hager MEVTV: Early Tect. Volc, Evol, Mars, 48, 1988: {9 Tanaka and
Davis JGR 93, 14893, 1988; [10] Plescia and Saunders JGR 87 9775, 1582; [11] Watters and
Maxwell JGR 91 8113, 1986; [12] Banerdt et al. in Mars in press; [13] Brace and Kohlstedt JGR
85 6248, 1980; [14] Solomon and Head JGR in press; [15]) Turcotte Geophys. J. 36 33, 1974.
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MARTIAN IMPACT CRATERS: CONTINUING ANALYSIS OF LOBATE EJECTA SINUOSITY.
N. G. Barlow, SN21, NASA/Johnson Space Center, Houston, TX 77058.

The lobate ejecta morphology surrounding most fresh martian impact
craters can be quantitatively analyzed to determine variations in ejecta
sinuosity with diameter, latitude, longitude, and terrain. The results of
such studies provide another clue to the question of how these morphologies
formed: are they the result of vaporization of subsurface volatiles (1) or
caused by ejecta entrainment in atmospheric gases (2). Kargel (3) provided a
simple expression to determine the degree of mnon-circularity of an ejecta
blanket. This measure of sinuosity, called "lobateness”, is given by the
ratio of the ejecta perimeter to the perimeter of a circle with the same area
as that of the ejecta:

I' = perimeter/(4n*area of ejecta)l/z.

A circular ejecta has a I' of 1; more sinuous ejecta display I'>l. Kargel's
study of 538 rampart craters in selected areas of Mars led him to suggest that
lobateness increased with increasing diameter, decreased at higher latitudes,
and showed no dependence on elevation or geologic unit.

Major problems with Kargel’'s analysis are the 1limited size and
distribution of his data set and the lack of discrimination among the
different types of lobate ejecta morphologies (4). Bridges and Barlow (5)
undertook a new lobateness study of 1582 single lobe (SL) and 251 double lobe
(DL) craters. Their results are summarized in Tables I and II. These results
agree with the finding of Kargel that lobateness increases with increasing
diameter, but found no indication of a latitude dependence for SL craters. A
slight terrain dependence was also detected, contrary to Kargel’s results.

The Bridges and Barlow study has now been extended to multiple lobe (ML)
craters. Three hundred eighty ML craters located across the entire martian
surface have been studied. ML craters provide more complications to
lobateness studies than do SL or DL craters--in particular, the ejecta lobes
surrounding the crater are often incomplete (i.e., do not extend completely
around the crater). Since the lobateness formula compares the perimeter of
the ejecta lobe to that of a circle, we have restricted our analysis only to
complete lobes. The lobes are defined sequentially starting with the
outermost lobe and moving inward: L1 for the outermost lobe, L2, L3, etc. for
inner lobes. Generally only two or three complete lobes are recognizable for
ML craters.

Median lobateness values for the lobes are 1.18 for L1, 1.13 for L2, and
1.09 for L3. The L1 value is slightly larger than the average SL and DL
lobateness values. L2 lobateness values are comparable to those found for the
highland SL craters and for the outer lobe (Ll) of DL craters. L3 lobateness
values are equal to I' values of plains SL craters and the inner lobe (L2) of
DL craters. Analysis of individual craters show that 72% of the L2 lobes
display smaller T than their accompanying L1, and, in 77% of craters with
three lobes, L3 has a lower T than L2. Eighty-nine percent of all craters
with three lobes show L3 with less sinuous ejecta (i.e., lower I) than LI.
This continues the trend seen with DL craters. No statistically significant
lobateness dependence on latitude is suggested for L1, L2, or L3. Kargel's
detection of a latitude-lobateness correlation can be explained by Barlow and
Bradley’'s (6) observation of more ML craters (which have higher T') near the
equator and more SL craters (with lower T') near the poles. Since Kargel did
not distinguish among different ejecta morphologies, he inadvertently reported
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a lobateness relationship with latitude. Also contrary to Kargel's study, we
found that ML craters on highlands regions tend to show slightly lower values
of lobateness than ML craters on plains, at least for the L1 (Tp=1.17;
Fp-1.20) and L2 (Typ=1.13; Fp=1.15) lobes. This is opposite the trend seen
for SL craters, where lower lobateness wvalues are seen for craters on the
plains.

The change in T with increasing diameter suggests that either impact
energy or changes in physical properties with depth are reflected in ejecta
sinuosity measurements. However the change in T with general geologic unit
and ejecta morphology (which varies with latitude (see 6)) favors a dependence
of sinuosity on target properties. This in turn has implications for the
distribution of volatiles on Mars, if we accept the theory that fluidized
ejecta morphologies result from impact vaporization of subsurface volatiles
L. If increases in T correspond to higher volatile-to-clast ratios, the
correlation of I' with diameter, morphology, and geologic unit implies that the
highlands are volatile-rich close to the surface and plains have volatile
reservoirs stored at greater depths. Alternately, if SL craters form by
impact into ice and ML craters result from excavation into subsurface aquifers
(as suggested by (6, 7)), these same correlations lead us to conclude that the
highlands are icier than the plains but the plains contain more near-surface
water.

References: (1) Carr, M.H. et al. (1977), JGR, 82, 4055. (2) Schultz, P.H.
and Gault, D.E. (1979), JGR, 84, 7669. (3) Kargel, J.S. (1986), LPS XVITI
(abs.), 410. (4) Mouginis-Mark, P. (1981), JGR, 84, 8011. (5) Bridges, N.T.
and Barlow, N.G. (1989), LPS XX (abs.), 105. (6) Barlow, N.G. and Bradley,
T.L. (1990), submitted to Icarus. (7) Johansen, L.A. (1979), NASA TM 80339,
Rpts. Planet. Geol. Geophys. Prog. 1978-1979, 123.

Table I--General Results of Lobateness Studies

SL DL ML

P H Ll L2 Ll L2 L3
Number 370 1212 251 245 380 363 184
Median T 1.09 1.13 1.14 1.09 1.18 1.13 1.09
Max T 3.33 3.81 2.27 1.38 1.74  1.47 1.33
Min T 1.00 1.01 1.01 1.00 1.02 1.01 1.00
Average T 1.13 1.1 1.17 1.10 1.20 1.16 1.10
Latitude Dep? No No * * No No No

P = Northern Plains H = Southern Highlands

*DL craters are located primarily within the 40-65°N latitude range, thus
latitude dependence studies are not valid.

Table II--Median I' Values by Diameter Range

Diam (lm) SL DL ML

P H L1 L2 Ll L2 L3
8.0-11.3 1,09 1.11 1.13 1.07 1.11 1.06 1.06
11.3-16.0 1.09 1.1 1.14 1.07 1.12 1.09 1.07
16.0-22.6 1.12 1l.16 1.17 1.10 1.17 1.13 1.08
22.6-32.0 1.15 1.18 1.17 1.13 1.20 1.18 1.11
32.0-45.3 1.08 1.17 1.30 1.24 1.22 1.18 1.12
45.3-64.0 .- 1.11 1.08 1.17 1.27 1.33 1.22
64.0-90.5 -- .- - 1.35 1.27 1.18



CAN IRON OXIDE/OXYHYDROXIDE MINERALS BE IDENTIFIED ON THE MARTIAN
SURFACE FROM GROUNDBASED VIS-NIR SPECTRA? Jim Bell and Tom McCord, Planetary
Geosciences, Univ. Hawaii, Honolulu 96822; BITNET: jimbo@uhpgvax.pgd.hawaii.edu

Visible to Near-Infrared (VIS-NIR) reflectance data of numerous regions on Mars were obtained
during the 1988 opposition at Mauna Kea Observatory. A Circular Variable Filter (CVF) spectrometer
was used to acquire data of 41 regions on the planet from 0.4-1.0 um. The spatial resolution of these
observations was approximately 500-600 km, the spectral resolution was R = A/A)\ =~ 80, and the
spectral sampling was S ~ 125 channels/um [Bell et al., 1989].

The new CVF data show abundant evidence (some previously observed some not) of the existence
of the Fe® cation on Mars. First, there is the strong and diagnostic 0% = Fe*" near-UV charge transfer
absorption edge which is typical of ferric-bearing minerals [e.g., Sherman et al, 1982]. This deep blue
absorption is primarily responsible for the red color of Mars and also lead numerous early workers to
speculate on the existence of iron oxides on the martian surface. Second, there is a weaker though
clearly discernible absorption band from 0.78-0.94 um, centered at =~ 0.85 um in many of the spectra.
This ba.nd has been interpreted by several groups as being due to the A, —*T,('G) ligand field transition
of Fet [Singer, 1982; Morris et al., 1989; Bell et al,, 1989), indicating the presence of some crystalline
iron oxide component in the Mars soil. This contention is further supported by the third piece of
evidence, a heretofore undetected weak band or *cusp” at 0.61-0.72 um that is interpreted as being due
to the °A,—*T(‘G) electronic transition of Fe®*. This weak feature is typically deepest m spectra of
brighter regions on the planet. Thus these new da.ta indicate unambiguous evidence of Fe*! absorption;
the question as posed a.bove is whether or not the positions and strengths of these absorptions can be
used to identify surface Fe*" mineralogy.

Some of these new data are compared directly to laboratory Fe **_bearing mineral spectra in Figures
1-3. It can be immediately seen that the position and strength of the near-UV charge transfer
absorption edge places severe constraints on the abundances of several of these pure iron oxides in
certain particle size ranges. For example, the hematite powder in Figure 1 exhibits a steep, saturated
near-UV absorption with the band edge near 0.55 um, typical of most bulk crystalline hematites and a
poor match to the martian spectral data. It can be seen that none of the other common iron
oxides/oxyhydroxides in Figure 1 reproduce the shape and position of the near-UV absorption either.
The less common and also more poorly crystallized Fe*' phases in Figure 2 come closer to matching the
absorption edge position and shape, yet there are still discrepancies except for the spectrum of synthetic
iron-silica gel which provides a fair match. The similarly poorly crystalline "amorphous” palagonites in
Figure 3 also provide a good fit to the absorption edge. Based on this simple examination of these
particular lab data, it appears that poorly crystalline (not amorphous) materials exhibit the best match
to the VIS-NIR martian data based solely on the highly diagnoetic near-UV charge transfer absorption.

As mentioned above, however, two crystalline Fe*! absorption bands are evident in the new Mars
data. Figure 3 clearly shows that most "amorphous Hawaiian soils” such as those examined by Singer
(1982) do not exhibit Fe* bands as deep as those in the Mars data, suggesting then that although
poorly crystalline materials constitute an important part of the Mars soils, some component of well
crystallized, bulk Fe>'-bearing mineral(s) exist and produce those features. A more quantitative estimate
of the partitioning of crystalline vs. poorly crystalline Fe*" phases is in progress.

A quick look at the variation in band strengths and positions of the two VIS-NIR Fe*t electronic
transition bands in the lab data of Figures 1 and 2 suggests that the answer to the question posed in
the title is “yes.” The increased spectral sampling of these new data combined with ongoing lab analog
studies and refined data calibration suggest that at least hematite, and possibly also goethite, existing in
a wide range of particle sizes down to nanometer scales, may be important constituents of the Mars soil.
Other possibilities which must not be overlooked without further study include Fe **_bearing sulfates,
palagonite-like secondary weathering products, and some of the more exotic, poorly crystalline iron
oxides/oxyhydroxides.
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Figure 1: Mars CVF spectrum 88.27
(Tharsis region) from Bell et al. (1989)
compared to four common iron
oxides/oxyhydroxides. The lab data are
from powdered samples of Morris et al.,
1985. The wet/dry distinction simply
refers to the presence or lack of OH™
radicals in the mineral structure. Note
the poor fit of the Mars data to the lab
near-UV charge transfer absorptions and
the variation of position of the two Fe*'
electronic transitions at 0.65 um and 0.86
pm in the lab data. Data scaled for

display purposes.

Figure 2: Same Mars data as Figure 1
compared to some less common and
poorly crystalline iron
oxides/oxyhydroxides from Sherman et
al,, 1982. The near-UV charge transfer
edge is more closely matched in these
data  although  there are  still
discrepancies. Data digitized and scaled
for display purposes.

FPigure 8: Mars CVF data from bright
(Tharsis) and dark (Argyre) albedo
regions compared to hawaiian palagonite
spectra of Singer (1982). The position of
the near-UV charge transfer edge is
matched nicely, however the palagonites
show little evidence of the crystalline Fe>
absorption bands seen in the Mars data.
Data digitised and scaled for display.

Bell, Jim, T.B. McCord, and P.D. Owensby (1989) submitted to JGR, Special Mars Conference Issue.
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94, 2760-2778.

Sherman, D.M,, R.G. Burns, and V.M. Burns (1982) JGR, 87, 10169-10180.
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GROUNDBASED IMAGING SPECTROSCOPY OF MARS DURING 1988 AND 1990: INSTRUMENTATION
AND DATA REDUCTION/INTERPRETATION STRATEGIES FOR THE FUTURE OF PLANETARY
SPECTROSCOPY: Jim Bell, Paul Lucey, Tom McCord, and Tom Ozoroski, HIG/PGD, Univ. Hawaii,
Honolulu 96822; BITNET: jimbo@uhpgvax.pgd.hawaii.edu

Our goals for the 1988 and upcoming 1990 Mars oppositions are to map the surface of
Mars at 150-250 km resolution in the 0.4-2.5 um range using imaging spectroscopy. One of
the great advantages of imaging spectroscopy over traditional narrow-band filter imaging or
point spectroscopy is its ability to obtain simultaneous information over wide spatial and
spectral ranges [1,2]. Such measurements produce enormous quantities of data, on the order of
10-100 Mbytes per night of observing. Obviously, this is a concern that must be addressed by
the proper choice of image processing hardware and software. Depending on the size of the array
used, 104 - 108 individual spectra can be produced from any single dataset. This huge number
prohibits traditional methods of spectrum interpretation, and thus techniques must be derived
which can automatically analyze vast numbers of spectra and produce maps of the most
important quantities.

For example, we obtained imaging spectrometer data of 70% of the martian surface in
the 0.4-1.0 um range from Mauna Kea Observatory during the 1988 opposition [2,3]. Using
the U.H. 2.24-m Wide Field Grism Spectrograph and IFA/Galileo CCD, 26 raw Mars and
standard star image cubes of dimensions 800 X 200 X 50 (spatial X spectral X spatial) were
obtained. Standard spectral and CCD data processing techniques required some 75 hours of
continuous processing by a 2 MIPS Sun 3/260 machine just to obtain approximately calibrated
reflectance images. After performing this level of reduction we employed several techniques to
simplify our analyses. One technique was band-depth mapping. Our 0.4-1.0 um image cube
spectra showed Fe3*+ absorption bands at 0.65 um and 0.86 um which varied spatially on the
planet. In a manner similar to lunar spectrum continuum removal, we created an averaged
image across the 0.61-0.72 um region and ratioed that with an image at 0.68 um. The resulting
ratio image shows several classical bright regions on Mars to exhibit up to a 5% deeper 0.65
um Fe3+ band than dark albedo regions, consistent with the idea of bright regions consisting of
more weathered (dusty) materials. Possibly of more interest, however, are several regions on
the planet where the Fe3+ band variations do not correlate well with observed classical albedo
boundaries, such as Sinus Sabaeus (Figure 7 in [2]).

A second technique used in data analysis was polynomial fit coefficient mapping [4,5]. In
this process, the spectral axis is fit to an nth order polynomial (y=apx"+an.1x"1+...+8p),
yielding n+2 (including residuals) coefficients for each pixel that can subsequently be
displayed as n+2 complete images showing how these coefficients vary across the martian
surface. Some examples of this procedure are shown in Figs. 1 and 2. In Fig. 1 the steep near-
UV Fe3+ absorption edge characteristic of Mars [e.g. 6, 7] was fit by a first order polynomial,
and the resulting spectral slope and intercept are plotted as images. The intercept maps
correlate very well with albedo (as expected: albedo is just an additive offset), and the spectral
slope also shows significant correlation, again consistent with classical bright regions having
"redder” spectra. However, several regions near the south polar cap (300-360° W) and west
of Sinus Meridiani in Thaumasia (near 30°S, 60-90° W) are anomalous in that they do not
show the typical global slope/albedo correlation. In Fig. 2 similar maps are presented for a fit
to near-infrared data from 0.735-0.795 um. Again the spectral intercept is essentially an
albedo map, but the slope maps are relatively "bland” and somewhat noisy, consistent with the
fact that the martian spectrum is relatively flat to slightly "blue” at these wavelengths [6,7].
For the slope maps, brighter values indicate deeper *near-infrared" absorption. There is some
structure in these images associated with the Sinus Meridiani/Sinus Sabaeus region, showing
the northern boundary of this dark albedo feature to have a relatively flat spectrum while its
southern boundary has a deep (most likely Fe3+) absorption. Such anomalous regions may
indicate more spectral heterogeneity than once thought in the martian surface fines, and are
difficult to detect using standard imaging or point spectroscopy techniques.
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Observing plans for the upcoming 1990 opposition (the last in the excellent 1986-
1988-1990 triad) include further mapping of the entire planet in the 0.4-1.0 um and 1.0-
2.5 um regions. For the longer wavelength imaging spectrometer data we will concentrate our
efforts on the Tharsis/Valles Marineris region in an effort to directly compare our global
dataset with the higher resolution though spatially confined Phobos-2 ISM data [8]. Also, an in-
depth analysis of the Syrtis Major/Sinus Sabaeus area will be undertaken in an effort to
characterize better the compositional nature of the dark regions (can we really see exposed
"bedrock?" [9]) and provide comparisons to high spatial resolution 1988 groundbased images
of the same areas [10].
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Figure 1 (Top) and Figure 2 (Bottom). See text for explanation.
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COMPARISON OF NEW GROUNDBASED AND PHOBOS-2 VSK COLOR RATIO
DATA FOR MARS; James F. Bell 1112, Mark S. Robinson!, Thomas B. McCord'-3, and Fraser
P. Fanale' ('Planetary Geosciences Division, Univ. of Hawaii, Honolulu 96822; 2Remote
Sensing Lab, Univ. of Washington AJ-20, Seattle 98195; 3SETS, Inc., Mililani, HI 96789)

Summary; The VSK-FREGAT imaging experiment on the Phobos-2 spacecraft acquired
several VIS (0.4-0.61 pum) and NIR (0.7-1.1 um) image pairs containing both Mars and
Phobos during February and March, 1989 [17]. We have analyzed these image pairs and
calculated NIR/VIS DN ratios for Mars for comparison with groundbased 0.4-1.0 um CVF
reflectance spectra obtained during August, 1988 [1]. We find that for the particular region
imaged (Mare Sirenum, 35°S, 155°W--NE of Newton crater) our telescopic reflectance
spectrum convolved to VSK bandpasses yields a NIR/VIS ratio of 1.78. The NIR/VIS DN ratio
that we obtained from Phobos 2 image pairs at similar phase angles as the groundbased data is
2.25+0.2, thus suggesting that dividing such Mars (and Phobos) DN ratios by a correction
factor of 1.26 yields more accurate values for the true NIR/VIS reflectance ratio. Several
sources of error, including near-opposition contrast enhancement in the blue ("blue clearing”)
associated with possibly variable atmospheric dust loading between August 1988 and February-
March, 1989 indicate that this method of calibration could possibly suffer from additional
errors of up to 10-15%, although comparison of the Phobos-2 data with Viking results [5]
seems to indicate that these effects were minimal or absent during the 1989 encounter.

Discussion: Current efforts to map color variations (and thus perhaps map
compositional variations [2,5]) are using calibration methods based on modeled groundbased
telescopic narrow-band filter photometer data of Mars (R = 20; [e.g. 3,4]) compared against
the spacecraft VIS and NIR image pairs that contain both Mars and Phobos [5]. After having
discovered that one of the regions we measured in August 1988 was also serendipitously imaged
by Phobos-2 (S. Murchie, personal communication, 1989), we decided to use these new, higher
spectral resolution data to better constrain the ongoing color calibration efforts [5,6].

Using the data from [7] we plotted a smoothed solar spectrum for the 0.4-1.1 um region
and multiplied this spectrum by our reflectance data for CVF Spot 88-37 (Figure 1). Thus we
obtained a spectrum that we then convolved into the VSK VIS and NIR bandpasses that simulates
the response that the Phobos-2 cameras recorded of the same region on Mars some six months
later. Ignoring absolute flux levels since we are most interested in obtaining the VIS/NIR
channel ratio and using a NIR/VIS filter efficiency ratio of 1.395 (B. Zhukov, personal
communication, 1989) we determined that if the VSK experiment had been looking at a region
on Mars which exhibits a reflectance identical to that of our CVF Spot 88-37, then it would have
obtained a NIR/VIS DN ratio of 1.78 (for comparison, [5] obtained NIR/VIS = 2.08).
Additionally, we found that given the above parameters and a NIR/VIS bandpass solar flux ratio
of 0.806, the NIR/VIS DN ratio of a constant albedo object as viewed by VSK would be 1.125.

Using dark subtracted, flatfielded, and recently re-calibrated [5] VSK images of Phobos
and Mars, we determined average DN values and variations for the region of Mars common to our
spectral data in images 2300123 and 2300111. Data values for 17X17 pixel regions for the
NIR and VIS channels were 62+3.5 and 110+3, respectively. The VIS image had an exposure 4
times that of the NIR, so assuming that the cameras were linear the resulting NIR/VIS image
ratio was 2.25+0.19.

A possible source of error in the comparison with groundbased results is the so-called
"blue clearing” or near-UV brightening near zero phase. This effect (which is difficult to
quantify) is typically strongest during periods near perihelion in southern hemisphere spring
and summer (Lg=160-200° and Lg=270-300° [8]). Visual monitoring during our telescopic
observations, acquired at Ls=250° and a phase angle of 34° did not show any indications of this
phenomenon, however imaging spectrometer data that we obtained six weeks later at opposition
(near zero phase) did show distinct evidence of increased contrast in the blue [9,10],
suggesting that significant changes in reflectivity can occur in global or localized areas on Mars
over short timescales. Comparisons of these telescopic spectra (and others such as those of
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[3,4]) with the Phobos-2 imaging data, acquired at Lg=3°-17°, may exhibit systematic
variations of up to 5-10% due to such variations in flux in the visible.

A related source of variability is atmospheric dust load changes between August 1988
and February-March 1989. Variations in column abundance and/or surficial distribution of
bright, very red dust particles (which may be the cause of brightening in the blue) are known
to occur on both diurnal and seasonal timescales, with the greatest variability typically
occurring near and shortly after perihelion when insolation is a maximum [11,12). Fe3+-rich
dust will produce systematic variations mostly in the Phobos-2 NIR imaging channel due to its
higher reflectance from 0.7-1.1 pm than from 0.4-0.61 um [1,13]. Although difficult to
quantify and highly longitudinally dependent, we estimate that variations in dust opacity over a
low albedo region such as Sirenum can easily lead to 10-15% reflectance variations at NIR
wavelengths for localized dust storms, or possibly up to 50% reflectivity variations during
truly global dust storms that completely obscure the surface below [see also 14,15].

The combined effect of these VIS and NIR variabilities on the final NIR/VIS DN ratios is
to introduce possibly significant uncertainty (perhaps as much as 10-15%) in the comparison
with groundbased reflectance data which have not been simultaneously obtained. Unfortunately,
we know of no 0.4-1.1 um reflectance spectra of Mars obtained during February-March 1989
other than the Phobos-2 ISM imaging spectrometer data [16], which only extend down to 0.8
um and did not image the Sirenum region. Preliminary work comparing Viking Orbiter and
Phobos-2 color ratios of Phobos [5] seem to indicate, however, that these effects may not be
serious for these data, thus allowing increased confidence in color unit mapping efforts.

Betferences: [1] Bell 11}, James F., T.B. McCord, and P.D. Owensby (1988), submitted o JGR Special Fourth Mars Colloquium
Issue. [2] Murchie, 8., D.T. Britt, J.W. Head, S.F. Pratt, B.S. Zhukov, and A.A. Kuzmin (1989), B.A.A.S., 21, 957. [3] McCord, T.B. and JA.
Westphal (1971), Astrophys. J., 168, 141-153. [4] McCord, T.B., R.L. Huguenin, D. Mink, and C. Pieters (1977), icarus, 31, 25-39. [5]
Murchie, S. and 12 others (1990), LPSC XXJ, this volume. [6] Bell, Jeftrey F., P.G. Lucey, J.C. Gradie, J.C. Granahan, D.J. Tholen, J.R.
Piscitelli, and L.A. Lebofsky (1989), B.A.A.S., 21, 991. [7] Allen, C.W. (1973), Astrophysical Quanlities. pp. 171-173. [8] Slipher, E.C.
(1962), Mars: The Photographic Story, pp. 37-54. [9] Bell Ill, James F., T.B. McCord, and P.G. Lucey (1989), Proc. 20th Lunar Planet.
Sci. Conf,, in press. [10] Bell Ill, James F., T.B. McCord, P.G. Lucey (1989), EOS, Trans. Amer. Geophys. U., 70, 50. {11] Martin, L.J.
(1974), Icarus, 23, 108-115. [12] Zurek, R.W. and L.J. Marlin (1989), B.A.A.S., 21, 980, [13] Singer, R.B. {1982), JGA, 87, 10159-10168.
[14] Pollack, J.B., D.S. Colburn, F.M. Flaser, R. Kahn, C.E. Cariston, and D. Pidek (1979), JGR, 84, 2929-2946. [15] Briggs, G.A., W.A.
Baum, and J. Bames (1979), JGR, 84, 2795-2820. [16] Bibring, J.-P. and 16 others (1989), Nature, 341, 591-593. [17] Avanesov, G.A.
and 43 others (1989), Nature, 341, 585-587.
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Figure 1: 1988 Mars CVF reflectance data (scale at right), Phobos-2 VSK bandpasses (normalized to
1.0) [17] and Solar Flux [7] and Mars*Solar Flux data (scale at left).



Iron-enriched Smectite Clays as Mars Soil Analogs - Chemical Reactivity in the
Labeled Release Experiment; T. Ben-Shlomo and A. Banin, Department of Soil and Water
Science, The Hebrew University, Rehovot, Israel.

On the basis of the martian soil elemental composition directly determined by the
Viking landers, and through a computerized modelling-search it was proposed that the
soil may contain phyllosilicate minerals of the smectite group mixed with iron oxdes,
and small amounts of carbonates and sulfate salts (1). Following this model and other
data, it was suggested that significant amounts of iron in the martian soil may be
associated with the smectite clays as adsorbed-precipitated oxide or oxyhydroxy iron
phases (2, 3). In order to further examine this model a series of iron-enriched clays,
containing iron at concentrations up to that found in Mars soill (ca. 19% Fezo was
prepared from a standard montmorillonite (SWy-1, the Clay Minerals Society) gy the
"Quantitative Ion Exchange Method" (4). The chemical and mineralogical properties of the
clay and of the iron phase(s) formed in the system have been determined. The clay
preparation  procedure  caused little  chamge in  the  crystal lattice thus  producing
purified montmorillonite clay free of soluble salts and minor accessory minerals but
with the predesignated proportion of adsorbed iron and precipitated iron oxides and
oxyhydroxides, characterized by the chemical analysis and morphological study to be
poorly ordered and of low crystallinity (5).

Reflectance spectra in the visible and near-IR wavelength range revealed increasing
absorbance  below 074m  with the increased iron  addition. = Such  absorbance is
characteristic to the Mars spectra. A broad absorbance band around 0.9fm was also
developed as more iron was added . It was also found during recent telescopical
observations  (6). However, the pronounced spectral features of crystalline smectite in
the near-IR (2.1-23¢m) and in the IR range (doublet at 20jm) were pot detected in the
martian  spectra (7, 8), indicating that crystallne smectite may mnot be a singular
silicate phase in the martain soil.

1%imulation of the Viking Landers Labeled Release (LR) experiment were carried by
the C absorption method ("Getter Technique”) (2) with: (a) Iron enriched clays,
prepared by chemical deposition by the quantitative ion exchange method, in which the
concentration of added iron ranged from below the exchange capacity of the clay up to
~15%Fe.O, bringing the total iron content to that found in the martain soidl (Fig. 1).
(b) A physical mixture of various crystalline iron oxides (maghemite, goethite and
hematite) and short-range-ordered ferrihydrite with iron-saturated clay (Fe-Mont,
7%Fe,0,) at a constant added concentration of 12%wt Fe,O,, which add-up to the iron
concentration found in the martain soil (Fig. 2). (c) Samé “as (b) but mixed with the
crude SWy-1 montmorillonite (which was found to be nonactive during the LR simulation,
probably for increasing the pH values) (Fig 2). (d) Same as (b) but the clay was mixed
with 24%wt siderite (FcCO3) (Fig. 2).

The presence of “excess non-crystalline or poorly crystalline iron oxides at a high
concentration beyond the exchange capacity systematically decreased the reactivity of
the mixture (Fig. 1). However, iron-adsorbed clay (~7%F6203) alone or when mixed with
crystalline iron oxides up to 19%Fe,0, in scries (b), “and with siderite (d), exhibited
good match to the decomposition rate f%)und on Mars (Fig. 2). The crystalline iron oxides
mixed with the crude SWy-1 montmorillonite in series (¢) did not simulate the LR
reaction (Fig. 2). Levin and Straat reported also that hematite alone was not active in
simulation of the LR reaction (9). The effect of the mixing of the less crystallized
ferrihydrite with the iron «clay in diminishing the reactivity (Fig. 2), is notably
similar to that of the amorphous iron-oxides formed in situ (series a, Fig. 1). Addition
of siderite to the iron clay did not cause a pronounced change in the decomposition rate
(Fig. 2) although the addition of 12%wt magnesite (MgCO,) or dolomite (CaMg(CO )2) and
only 2% calcite (CaCO3) substantially decreased the %iccomposition reaction (d3ata not
shown).
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(Iron Smectite - Mars Soil Analogs) Ben-Shlomo T. and Banin A.

It was suggested that the formate decomposition mechanism by the iron clay is
mainly dehydrogenation, involving electron transfer to adsorbed Fel* (2). The presence
of excess amorphous iron oxide or oxyhydroxide precipitates, may perhaps interfere with
this reaction partly by adsorbing the formate to the iron oxyhydroxide.

Thus, the presence of 1iron oxides per se is not sufficient to drive the
decomposition  reaction, and the iron  phase(s) crystallinity and surface  properties
affect the kinetics and extent of the reaction. The presence of the reactive surface of
iron smectites seems to be essential for the decomposition reaction measured by the
Viking landers in the LR experiment.
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MARTIAN MANTLE PRIMARY MELTS

C.M. Bertka*, and J.R. Holloway Department of Geology, Arizona State University, Tempe, AZ
85287; *also at the Geophysical Laboratory, Carnegie Institution of Washington, 2801 Upton St.
N.W., Washington D.C. 20008
INTRODUCTION:

Primary melts are liquid compositions in equilibrium with their mantle source region.
Models that attempt to predict the diversity of lavas on a planet or outline the petrogenetic history
of lavas require information about the chemical and physical properties of primary melts. These
properties are determined by the bulk composition, modal assemblage, volatile content, and
oxygen fugacity of the source region and by the degree of partial melting.

Most estimates of the bulk composition of the Martian mantle rely on calculations of mantle
density. These calculations suggest that the Martian mantle is denser than the Earth's mantle, a
difference that is attributed to an iron-enrichment of the Martian mantle(e.g.,1,2,3). Calculations
of mantle density depend on knowledge of the mean moment of inertia of Mars. This value is
poorly constrained and recently a lower estimate, which would result in a more Earth-like mantle
iron abundance, has been proposed (4). However, if Mars is the parent body of SNC
meteorites(5) then these samples help constrain the mantle composition independent of
estimates of mantle density. Wanke and Dreibus (6) used element correlations between
measured ratios in SNCs and chondritic abundances to predict a SNC parent body with a mantle
enriched in iron relative to the earth. The purpose of this paper is to present our experimental
melting phase equilibria data for an anhydrous Dreibus and Wanke mantle composition at 10, 20
and 30 kb.

EXPERIMENTAL TECHNIQUE:

Experiments were performed in an end-loaded piston cylinder apparatus with a 0.5"
diameter solid-media pyrex-NaCl-AlSiMag cell assembly. Starting materials were synthesized from
spec pure oxides ground under ethanol in an agate mortar for one hour , reduced in a gas mixing
furnace (1000° C, fO2 at one log unit below QFM) for 24 hours and reground in a carbide
container to less than Sum. Approximately 10 mgs of the starting composition was sealed in
graphite-lined platinum capsules. Run duration varied from 48 hours at near solidus temperatures
to 1 hour at near liquidus temperatures.

RESULTS:

Phase equilibria data for the Dreibus and Wanke, (DW) mantle composition at 10, 20 and
30 kb are shown in Figure 1. Experimental Fe/Mg distribution coefficients for ol / opx and gt / cpx
pairs in the subsolidus runs are in good agreement with previously determined values (7,8). A
spinel Iherzolite assemblage is stable to at least 20kb, but the subsolidus spinel phases are less
than 10um in size and exhibit variations of up to 7 wt% in aluminum and chrome contents. Mass
balance calculations to express the DW mantle composition as proportions of the analyzed
subsolidus phases were performed with a least squares fit technique. In all cases the calculated
modes duplicate the starting composition with a total error of less than 1.5 wt%, most of which can
be attributed to poor spine! analysis.

Enough melt accumulated at the top of some of the charges run in the opx+ol+liq and the
ol+liq fields that the resulting quench crystals + glass material could be analyzed by rastering a 2-
um beam across a 20-um x 20-um area. The analyzed melts are komatiitic. Experimental Fe/Mg
olVmelt and oVopx distribution coefficients also compare favorably with previously determined
values (9,7) and mass balance caiculations duplicate the starting composition with a total error of
less than 2.5wt%.

DISCUSSION:

Compared to the earlier model Martian mantle bulk compositions, (i.e. Morgan and
Anders(2), Goettel(3) ), and the proposed terrestrial undepleted mantle samples, (PHN 1611
(10), KLB-1(11)), the DW composition has a greater modal abundance of orthopyroxene (12)
largely at the expense of olivine or clinopyroxene. Partial melting of a DW lherzolite assemblage
produces a larger temperature interval of primary melts in equilibrium with only olivine and
orthopyroxene. Our data indicates a minimum interval of 200° C at 10kb and 120° C at 20 kb.
Experimental data for KLB-1 at 15kb (13) and PHN1611 at 20kb (14) indicate maximum olivine +
orthopyroxene + melt intervals of 100°C. The primary melt compositions produced in this interval
will be picritic to komatiitic. Tholeiitic and alkali basalt melts are expected to be produced at lower
degrees of partial melting, before clinopyroxene or the aluminous phase are exhausted.
However, the relative abundance of these primary magma types compared to the komatiitic
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melts can not be evaluated without additional data. Although clinopyroxene is present in
subsolidus experimental assemblages it is absent above the solidus except in two experimental
charges from the spinel lherzolite field at 15 and 20kb. These charges were equilibrated at
temperatures well above the solidus then lowered in temperature to the solidus. Their
clinopyroxene compositions are very similar to those found in the subsolidus runs. This data
suggest that clinopyroxene may melt out of the spinel Iherzolite assemblage within 20° C of the
solidus. Our previous experimental work (12) suggested that an iron-rich lherzolite assemblage
would yield a picritic alkali basalt at small degrees of melting.

The surface features of Martian lava flows are often attributed to high eruption rates and/or
low viscosity magmas (e.g.,16 ). Our previous work (17) suggested that the picritic alkali basalt
produced at low degrees of partial melting at 23kb has a viscosity of 3 poise at source region
pressure; similar in magnitude to its calculated 1atm. values at the same temperature. This
viscosity is much smaller than that measured for a terrestrial tholeiite composition at 20kb and
near liquidus temperatures, 25 poise(18) but similar in magnitude to 1atm. calculated values for a
terrestrial alkali basalt at its 30kb liquidus temperature. Magma ascent rates or crystal fractionation
processes in the two planets for any given primary melt type (i.e, alkali basalt, tholeiite, komatiite)
may be more sensitive to gravitational differences between the two planets than to viscosity
differences between the melts at their respective liquidus temperatures. Additional near solidus
phase equilibria data for the model DW Mars mantle should reveal whether or not the bulk
composition and resulting modal mineralogy favor the production of low viscosity picritic and
komatiitic primary melts.
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Figure 1. DW Anhydrous Experimental Phase Assemblages
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DIGITAL MOSAIC AND ELEVATION MODEL OF CENTRAL VALLES
MARINERIS, MARS: L. M. Bertolini, A.S. McEwen, U.S. Geological Survey,
Flagstaff, AZ 86001

We have geometrically controlled 143 Viking Orbiter 1 images to
produce a digital mosaic of the central Valles Marineris region of Mars.
The mosaic covers most of Ophir, Candor, and Melas Chasmata and covers
approximately +10 to -15° latitude and 65° to 750 longitude. The image
frames are PICNOS 910A01-917A20, red filter and nadir looking;
illumination and phase angles both range from 55 to 65 degrees. Noise
removal by box filtering [1], radiometric correction, and all other image
processing were done by using the Planetary Image Cartography System
(PICS). The image frames were transformed into sinusoidal Equal Area
projections at a scale of 1/1024 degree/pixel (approximately 58 m/pixel)
prior to mosaicking. The geometric control and format are consistent with
those of the Mars Digital Image Model project [2,3].

We obtained measurements of landslides and other features from the
controlled images using the photoclinometric program TVPROF (on single
images) and the program TVSTEREO on pairs of images. For TVPROF [4],
which produces topographic profiles, we used a variety of photometric
models and parameters to constrain the slope values. TVSTEREO calculates
relative heights. Measurements inciude those of landslide drops, deposit
thicknesses, and slopes of canyon walls. The data will be used to refine
estimates and to make additional ones of landslide volumes and yield
strengths [5].

In addition, we prepared a digital elevation model of the region from
-30 to -7.60 latitude and from 700 to 750 longitude from a 1:500,000-
scale (200-m contour interval) topographic map [U.S.Geological Survey,
work in progress]. The topographic map was first digitized into vector
format, then transformed into raster format of the same map projection
and scale as the digital mosaic; the contour lines were then interpolated
to produce the digital elevation model. From the coregistered mosaic and
digital topographic data, synthetic oblique views were generated from the
north, south, east, and west. When producing an oblique view, we can
specify viewpoint elevation and azimuth and vertical exaggeration. The
oblique views provide versatile imaging of geologically important areas
and their topography. These data will eventually be used to make 3-
dimensional movies of the terrain.

REFERENCES

[1] Eliason, E. M., and McEwen, A.S. Adaptive box filters for removal of
random noise from digital images. Photogrammetric Engineering and
Remote Sensing (in press).



78

MOSAIC OF VALLES MARINERIS: Bertolini, L.M. and McEwen, A.S.

[2] Batson, R.M. (1987) Digital cartography of the planets: New methods,
its status, and its future. Photogrammetric Engineering and Remote
Sensing 53, 1211-1218.

[3] Edwards, K. (1987) Geometric processing of digital images of the
planets. Photogrammetric Engineering and Remote Sensing 53, 1219-1222.
[4] Davis, P.A., and Soderblom, L.A. (1984) Modeling crater topography and
albedo from monoscopic Viking Orbiter images. J. Geophys. Res. 89, B11,
9449-9457.

[5] McEwen, A.S. (1989) Mobility of large rock avalances: Evidence from
Valles Marineris, Mars. Geology 17, 1111-1114.



PRELIMINARY QUANTITATIVE ASSESSMENT AND ANALYSES OF PHOBOS 88
TERMOSKAN OBSERVATIONS OF MARS; B. H. Betts, T. Svitek, M. L. Santee, B. C.
Murray, D. Crisp, California Institute of Technology, D. A. Paige, University of California at
Los Angeles, M. Naraeva and A. Selivanov, Institute of Space Devices, Moscow.

In February and March, 1989, the Termoskan instrument onboard the Phobos '88
spacecraft of the USSR acquired a limited set of very high resolution simultaneous observations
of the reflected solar and thermal emission from Mars' equatorial region. We have analyzed
quantitatively approximately 20% of the entire data set ‘and here present three preliminary
analyses: a comparison of Termoskan data with Viking Infrared Thermal Mapper (IRTM) data;
an analysis of thermal infrared limb brightening seen on the moming limb and other preliminary
limb analysis results; and an analysis of one observation of the shadow of the moon Phobos as
observed on Mars by Termoskan.

THE EXPERIMENT: Termoskan was a two .channel optical-mechanical scanning
radiometer with one visible channel (0.5-1.0 um and one thermal infrared channel (8.5-12.0 pm).
The instrument was fixed to the spacecraft, pointing in the anti-solar direction. Resolution per
pixel at nadir was 1.8 km for 3 of the 4 panoramas acquired and 300 meters for the remaining
panorama.

COMPARISON WITH IRTM OBSERVATIONS: To determine the absolute accuracy
of the Termoskan data set, we compared it with the well calibrated Viking IRTM measurements.
We compared brightness temperatures from Termoskan infrared observations to brightness
temperatures from IRTM's 11 micron channel (9.8 to 12.5 pm). We constrained the IRTM data
to match approximately the Termoskan data in season (L), longitude, latitude, and local time of
day. In order to compare the two data sets, we degraded the Termoskan resolution to a
resolution comparable to Viking. Figure 1 shows a representative Termoskan-IRTM comparison
which is consistent with other areas that we have compared. =~ We find that the Termoskan
brightness temperatures are approximately 3 K warmer than corresponding IRTM brightness
temperatures; that relative features correlate very well in the two data sets; and that Termoskan
sees thermal variations even at the limit of its-spatial resolution.

TERMOSKAN LIMB PROFILES: Limb brightening in the Termoskan thermal infrared
channel from the moming limb was consistently observed. Figure 2 shows a sample mormning
limb profile. We explain the peak in thermal brightness just off the limb as a consequence of an
ice or dust haze in equilibrium with the atmosphere, which is warmer than the pre-dawn surface.
Paige used a delta-Eddington spherical shell model developed for the Mars Observer limb
sounder PMIRR (Pressure Modulator Infrared Radiometer), and found that a water ice haze with
a scale height of 5 km (isothermal atmosphere at 200 K, surface at 175 K) could produce a
thermal brightness signature matching the one in Figure 2. The visible channel defines a highly
scattering atmosphere to extend 60 to 70 km above the limb. Figure 3 shows: a sample evening
limb profile. The absence of any infrared evening limb brightening is consistent with a surface
which is warmer than the atmosphere . On the evening limb a high haze was observed which
may correlate well with that seen by the Phobos '88 AUGUST experiment.

PHOBOS SHADOW MEASUREMENTS: Termoskan observed the shadow of Phobos
on the surface of Mars during two of its four scans. Due to the scanning nature of the instrument
and the similarity of the spacecraft's orbit to that of Phobos, the shadow appears elongated in the
images. We have looked at one shadowed region south of Arsia Mons. We used the observed
drop in visible flux within the shadowed area to. model the solar insolation as a function of both
actual time since the beginning of eclipse and position in the scan. We then used this in an
adaptation of the Clifford et al., 1987 one dimensional, finite difference thermal model! for a
homogeneous surface [1]. By comparing the model results with the temperature drops observed
in the infrared scan we find thermal inertias varying from 0.7 to 1.1 (10-3 cal cm*2 s-/2 K-1).
These values of thermal inertia are lower by factors of 2 to 4 compared to thermal inertias
derived from Viking IRTM measurements [2] for the same area. Viking-derived inertias are
sensitive to the upper few centimeters of the surface, whereas the Phobos shadow measurements
are sensitive only to the upper tenths of a mm of the surface due to the short duration of the
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eclipse. Our results imply that there is a thin layer of highly insulating material, for example a
thin, loosely packed dust layer, on the surface which overlies a layer of less insulating material.

REFERENCES: (1) Clifford, S.M., C.J. Bartels, and E.P. Rubenstein (1987), Lunar and
Planetary Institute; (2) Kieffer, H.H., T.Z. Martin, A.P. Peterfreund, B.M. Jakosky, E.D. Miner,
E.D. Palluconi (1977), Joumnal of Geophysical Research, 82 (28), pp. 4249-4291.
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OBLIQUITY HISTORIES OF EARTH AND MARS: INFLUENCE OF INERTIAL AND
DISSIPATIVE CORE-MANTLE COUPLING; Bruce G. Bills, LPI, Houston, TX

For both the Earth and Mars, secular variations in the angular separation of the spin axis
from the orbit normal are suspected of driving major climatic changes (1,2,3,4). There is thus
considerable interest in determining, as accurately as possible, the amplitude and timing of
these obliquity variations. If the orientation of the orbital plane were inertially fixed, and the
planet were to act as a rigid body in its response to precessional torques, the spin axis would
simply precess around the orbit normal at a fixed obliquity ¢ and at a uniform angular rate
cos(e). The precession rate parameter

a= 3(C-(A+B)/2) T p.i/(bi)?’ (1]
2 Cw

depends on the principal moments of inertia (A<B<C) and rotation rate w of the perturbed
body, and on the gravitational masses 4 = GM and semiminor axes b = a(l-ez)l/2 of the
perturbing bodies. For Mars, the precession rate is not well known, but probably lies in the
interval 8-10 arcsec/year (5,6,7,8,9,10). The much larger precession rate for the Earth (~50.3
arcsec/year) is partly due to greater proximity to the Sun (which contributes roughly 1/3 of the
total), but is mostly due to the presence of the Moon (11).

Gravitational interactions between the planets lead to secular motions of the orbit planes
of the form

sin(l) eif? = £ N;ei(sjt + §j) [2]

where I and Q are the inclination and longitude of the node, and Nj, 5; and §; are amplitudes,
rates and phase constants (12,13). In the rigid body case, the spin axis still attempts to precess
about the instantaneous orbit normal, but now the obliquity varies. A first order solution for
the obliquity can be written in a form similar to [2] but with amplitudes Kij, where the
admittance Kj has the value (14,15,16)

Kj= S [3]
sj+ @ cos(e)

As the orbital precession rate constants sj are all negative and fall within the range {-26.3
arcsec/year < 5j < 0}, while the spin precession rate constants are positive, the potential exists
for significant resonant amplification of the obliquity if the denominator of [3] approaches zero
(17,18). The possibility of actual singularities in [3] is not too worrisome, as the linear analysis
leading to that form of the admittance is no longer applicable in the immediate vicinity of a
resonance. However, the physical model of rigid rotation which leads to that formula is almost
certainly too simplistic.

The hydrostatic figure of a planet represents a compromise between gravitation, which
attempts to attain spherical symmetry, and rotation, which prefers cylindrical symmetry (19).
Due to their higher mean densities, the cores of the Earth and Mars will be more nearly
spherical than the outer layers of these planets. The direct gravitational torques on the core will
thus be inadequate to make it precess at the same rate as the mantle. For the Earth, where the
structure is relatively well known, the core oblateness is only about 3/4 that required for
coprecession with the mantle (20). However, it is clearly the case that the core and mantle
precess at very nearly the same rate (21,22). Two different types of torques contribute to the
coupling.
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On short time scales it is appropriate to consider the core to be an invisid fluid
constrained to move within the ellipsoidal region bounded by the rigid mantle (23,24). The
inertial coupling provided by this mechanism is effective whenever the ellipticity of the
container exceeds the ratio of precessional to rotational rates. If the mantle were actually rigid,
or even elastic, this would be an extremely effective type of coupling. However, on sufficiently
long time scales, the mantle will deform viscously and can accomodate the motions of the core
fluid. The inertial coupling torque exerted by the core on the mantle will have the form T; =
ki [wm x wc]. A fundamentally different type of coupling is provided by electromagnetic or
viscous torques (25,26). The dissipative coupling torque exerted by the core on the mantle will
have the form Tq = -kq [wy - wc]. This type of coupling is likely to be most important on
longer time scales. In each case, the mantle exerts an equal and opposite torque on the core.

The admittance which relates inclination amplitude to obliquity amplitude is now a
complex quantity which can be written in the following form (27,28)

K(s) = s(s + ap, + 1) (4]
(s +apm)s +ay + 1) - Aangy

The coupling constants are rescaled (B = kg/Cms Tm = @ cos(e) kj/Cp,) and then combined
to form a single complex parameter 9y, = 1 - iBy. Also, ap, = ap, cos(e) + cos(I) df/dt. Core
parameters (ac.B¢,7c.Nc) are defined analogously, and the sum of core and mantle parameters n
= f;m + N¢ is left unsubscripted, and Aa = ap,-a.. Viscous relaxation of the mantle is included
by multiplying both « values by (isr)/(1+ist), where r is the effective Maxwell relaxation time
of the mantle.

There are several features to note, in comparing [3] and [4]. As is typical of a forced
oscillation with damping, the response now lags the forcing by an amount which depends on
the frequency of forcing and the strength of the viscous coupling. The most evident difference
in response is near resonance, since [4] exhibits no singularities. However, even away from
resonance, the inclusion of possible differential precession can modify the obliquity history by
amounts that could have climatic significance. Unfortunately, the coupling constants are not
well known, even for the Earth, and are almost completely unconstrained for Mars. Thus, some
caution is advised in constructing climatic history scenarios which depend on details of the
obliquity history.

References: (1) M. Milankovitch, Konin. Serbische Akad., 484p, 1941; (2) AL. Berger et al. (eds.) Milankovitch
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Implications of the low carbonate abundance in the optical surface of Mars. Diana L. Blaney.
Planetary Geosciences Division, Hawail Institute of Geophysics, 2525 Correa Rd. Honoluly, HI
96822.

There are two major reasons for expecting carbonates on Mars: 1) if Mars underwent a period of climatic warming
due to a thicker CO2 atmosphere, carbonates would have formed at a rapid rate (1,2) and 2) the thermodynamically
stable weathering products of igneous material on Mars under current conditions also include carbonates (3).
Earth-based spectroscopy of the Martian surface in the 4.0 um region has placed an upper limit on the carbonate
abundance of < 1 - 3 wt% in the optical surface of the regions measured based on laboratory mixing models (4.5).
The implications for weathering and climate change on Mars using various models to explain the low carbonate
abundance are presented.

Model 1. The observed upper limit on carbonate abundance (i.e. <1 wt%) is representative
of the Martian regolith. A 1 km mega-regolith with 1 wt% carbonate could at most contain 0.6 bars of CO2
(2), well short of the 3-5 bars (2,6,7) needed for global warming by a CO2 greenhouse at average orbital parameters.

A consequence of an early wet warm Mars is that liquid water would be present to remove CO2 from the atmosphere
by formation of carbonates would occur at rates of approximately 1 bar CO2 removed every 107 years (1,2). If the
low carbonate abundance observed (0.6 bars), accurately reflects the planetwide inventory, then a 3-5 bar early
greenhouse lost most of its CO2 by other mechanisms and had a duration of a few million years. A short greenhouse
contradicts the geomorphic evidence which shows valley networks (a major geomorphic feature supporting an early
greenhouse), forming during throughout the first billion years. Recycling carbonate to replenish the atmospheric
CO?2, whether by volcanic (2) or by impact (8) processes, may be able to extend the length of the greenhouse, but the
last few bars would have to have been stored in the near surface environment (i.e. if you are forming carbonates by
surface water, the last carbonates formed must be near the surface).

A low carbonate abundance would also imply that the weathering products observed (i.e. the dust) are not the
thermodynamically stable end-members of weathering under current ambient Martian conditions. As an illustration,
consider the thermodynamically stable decomposition products from the weathering of basalt of the same composition
as Shergotty. Shergotty is a basaitic achondrite from the SNC (S=Shergotty, N=Nakhla, and C=Chassigny) group of
meteorites. SNC are thought for a variety of reasons to come from Mars (e.g. 9). The weathering products of a
Shergotty-like basalt which has reached thermodynamic equilibrium by gas-solid interactions at 240°K and current Mars
atmospheric conditions, based on (3) indicate a total carbonate abundance of 32.48 wt %. If the 1 wt% carbonate in
the dust is a reasonable upper limit, then about only about 3% of the dust could have formed by gas solid reactions
carried to equilibrium. The majority of the dust would have formed by other processes. Similarly, if liquid water
containing dissolved CO2 and O2 from the current Mars atmosphere were involved, again based on (3), the end
products would contain 18.07 wt% carbonate, leaving 5.5 wt% of the dust to form by this process. Clearly, either the
majority of the dust formed by processes other than surface weathering under current ambient conditions, or the
formation process has been halted mid-way by kinetic barriers leaving metastable products.

Model 2. Carbonate deposits are located at depth. Carbonates deposits at depth are impossible to
detect with spectroscopy, as spectroscopy looks only at the optical surface. Previous models calling for the recycling
of carbonates to sustain an early greenhouse (2,8) assume that carbonates are well mixed in the regolith. Carbonate
recycling rates from both impact and volcanic burial are too slow to replenish the carbon dioxide fixed as carbonates
by liquid water (8). Carr (1989) suggested that the rate of carbonate fixation may have been overestimated. If liquid
water was not continuously present on the surface, then carbonate formation would have preceded at 2 much slower rate.
Temperatures, while warmer than the current epoch, would have remained just below the point at which liquid water
could exist. Ground water would be close to the surface and under proper hydrostatic conditions would break out and
form valley networks. Even with the slower carbon dioxide fixation rates, carbonates would form in the near surface
environment where they should be detectable. Thus, a mechanism to for locating carbonates at depth is needed.

An alternative hypothesis calls for stratified carbonate layers. If carbonates exist at depth in stratigraphically
localized deposits a possible formation scenario could be: a) Mars is warm, valley networks form; b) carbonates form
rapidly, decreasing the atmospheric CO2 pressure until temperatures drop below the temperature needed to keep liquid
water around to form carbonates; c) carbonate formation ceases and volcanic and impact processes bury the carbonates;
d) carbonates are buried to a depth where rapid decrepitation occurs, releasing a pulse of CO2; e) the released CO2
causes another episode of greenhouse warming and valley network formation, and carbonates begin to form again. If a
carbonate decrepitation depth of about 17 km, as suggested by Carr (1989), is valid then the cycle of rapid carbonate
formation followed by burial could repeat itself about 10 times in the first billion years according to liquid stirring
models (8). Declining impact rates would then slow the burial rates, leaving the carbonate layer stratified somewhere
in the Martian crust. There is some geomorphic evidence for a strength discontinuity at about 1 km depth (10) which
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could be a carbonate layer. Geochemical arguments which focus on the calcium deficiency of the Viking fines when
compared to SNC meteorites also indicate that a carbonate layer may be present at depth (11).

Model 3. The low carbonate abundance is the result of secondary weathering processes
which have removed carbonates from the regolith. The presence of the sulfate in the Martian fines
measured by Viking Landers 1 and 2 (12), may have major implications for carbonate abundance.

The stability of carbonates in the presence of gaseous SO2 has been addressed by (13) and (14) with differing
results. Clark et. al. (13) performed laboratory experiments which indicated that carbonates decompose readily in the
presence of SO2 leaving sulfates. Sidorov and Zoltov (14) examined kinetic constraints and showed that the reaction
encounters a kinetic barrier which would make this reaction negligible. Understanding the possible role of SO2 in
destroying carbonates is critical in understanding the composition and evolution of the fines at the Martian surface.
Alteration of the surface by airborne reactive components may be a major process in the formation of salts on Mars.

Settle (15) proposed a sulfate aerosol model for the formation of the sulfate duracrust at the Viking sites. The
acidic nature of these aerosols would tend to decompose carbonates readily. If carbonates do decompose in the presence
of SO2 vapor or sulfate aerosols, CO2 would be released from the decomposed carbonates back into the Martian
atmosphere. A terrestrial example of aerosol formed salts are the sulfate and nitrate deposits form in Antarctica from
the deposition of stratospheric anions, which react with local rocks which provide the cations to form these deposits
(16).

Carbonates and sulfates must be considered together. If carbonates are absent from the surface due to interactions
with volcanic aerosols, then the rate of SO2 released by volcanoes on Mars must be greater than the rate of regolith
overturn exposing new carbonates. Fresh craters which have occurred after the height of volcanism would be expected
to show evidence of carbonates brought up from depth. The rates of both volcanism and cratering were higher during
the early portion of Martian history than at the present (e.g. 17, 18). If the sulfur in the Martian regolith is the result
of sulfate aerosol deposition throughout Martian history, then the release of CO2 by sulfate aerosols may have played
a critical role in the rapid recycling of CO2 throughout Martian history.

Model 4. Weathering environments on Mars did not form carbonates. The majority of materials
examined on the Martian surface are weathering products formed by unknown mechanisms. As discussed previously,
the expected carbonates from surface atmospheric interactions do not seem to be present in large quantities in the
optical surface of Mars. Processes unique to Mars may have formed the observed dust. A weathering mechanisms
which may have created the dust is impact ejecta from volatile rich targets (19).

In addition to the hydrothermal alteration of material in throughout sheets, Kieffer and Simonds (19) proposed that
a fine ash deposit formed by the rapid expansion of silicate melt/vapor by superheated steam from pore water or by
carbon dioxide from decrepitated carbonates. The ash formed by the interaction of melt and vapor and would occur at
the top of the crater's stratigraphic sequence. Erosion has removed this ash layer from terrestrial craters which, by
analogy with melt sheets from impacts into crystalline material, would be 1-5% of the volume excavated. Impacts
into volatile rich material provide a way of producing a large volume of fine grained material of unknown composition.
The alteration of the melt in the vapor cloud would be controlled by the dominant volatile propelling the expansion of
the melt-vapor cloud. Thus, if water was the principle volatile, oxidation and hydration products would dominate and
little if any carbonate would form. Due to the speed with which this event would occur, the altered material would be
poorly crystalline or crystalline on a small scale.

References: 1. Fanale F. P. et al., Icarus, 50, 381-407, 1982. 2. Pollack, J. B. et al., Icarus ,71, 203-224,
1987. 3. Gooding, J.L., Icarus, 33, 483-513, 1978. 4. Blaney, D.L., and T.B. McCord,J. Geophys. Res., 94,
10,159-10,166,1989. 5. Blaney, D.L. and T.B. McCord, submitted to J. Geophys. Res., 1990. 6. Pollack, J. B, Icarus
37, 479-553, 1979. 7. Postowko S.E. and W.R. Kuhn, J. Geophys. Res., 82, 4635-4639, 1986. 8. Carr, M. H.,
Icarus, in press, 1989. 9. McSween, H.Y..,Rev. Geophys., 23, 391-416, 1985. 10. Soderblom L.A. and D.B. Wenner,
Icarus, 34, 622-637, 1978. 11. Warren, P.H., Jcarus, 70, 153-161, 1987. 12. Clark, B.C. et al., J. Geophys. Res.,87,
10,059-10,068, 1982. 13 Clark B.C.e al. J. Mol. Evol,, 14, 91-102, 1979. 14. Sidorov Yu. L. and M. Yu Zolotov,
In S.K. Saxena (ed.), Chemistry and Physics of Terrestrial Planets, Adv. Geochem. Vol. 6, Springer-Verlag, New York,
p. 191-223, 1986. 15. Settle, M., J. Geophys. Res., 84, 8,343-8,354, 1979. 16. Campbell, I.B., and G.G.C.
Claridge, Antarctica: Soils, Weathering Processes and Environment, Developments in soil science 16, Elsevier Science
Pub. B.V.,, New York, N.Y., 1987. 17. Greeley, R. and P. Spudis, Rev. of Geophys. and Space Phys., 19 , 1341,
1981. 18. Neukum, G. amd K. Hiller, J. Geophys. Res, 86, 3097-3121, 1982. 19. Kieffer, S.W., and C.H. Simonds,
Rev.of Geophys. and Space Phys., 18, 143-181, 1980.
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Earth-Based Telescopic Observations of Mars in the 4.4 pm to 5.1 pm Region. Diana L.
Blaney and Thomas B. McCord. Planetary Geosciences Division, Hawaii Institute of
Geophysics, 2525 Correa Rd. Honolulu, HI 96822.

Measurements. The telescopic measurements of Mars reported here were made on August 19, 1988 UT at the NASA
IRTF facility. Spectra were obtained with the Cooled Grating Array Spectrometer (CGAS) which utilizes a thirty-two
element InSb line array with a resolution of R=300. Measurements were made by taking data at two different grating
positions, with an eleven channel overlap between positions. Segment 1 covered 4.405 pm - 4.86 pm, and segment
2 covered 4.67 um - 5.13 pm. Spectra were normalized to unity at 4.71 pm and were reduced using the star BS437 as a
standard. A 2.7 arc-second aperture was used, producing a spot size 900 km in diameter at the sub-earth point. The
measurements were taken as part of a sequence of measurements which also covered the wavelength region between 3.2
um and 4.2 pm using three grating positions discussed(1).

The Martian atmosphere has a large number of atmospheric absorptions from both CO and CO2 in the wavelength

region between 4.4 pm and 5.1 um in addition to significant thermal components. These complications must be
considered in the interpretation of the spectra.
Detection of an Absorption Feature at ~4.5 pm--Indication of Sulfates. A modeled atmospheric
spectra (PCO2 =7 mbar, T=240K, CO/C02=0.002, Airmass = 2.0) based on atmospheric models by Encrenaz is plotted
over the spectra from the Argyre region (Figure 1). Note that all the atmospheric absorption features (shown with
arrows) are clearly present in the telescopic data and that most features appear to be weaker than predicted by the
model. The exception to this is the rise out of the 4.2 pm - 4.4 pm CO2 absorption which has a much shallower slope
in the telescopic data than in the model atmosphere spectra. In addition to this gradual slope, an inflection at 4.5 um
is present in all the spectra and is extremely well defined in the Eastern Solis Planum and Argyre spectra (Figure 2).
These measurements indicate that a surface absorption, centered near 4.5 pm, is present on the Martian surface.

The wavelength region between 4.4 pm and 5.1 pm contains sulfate absorptions, shown in figure 3a, for

anhydrite, gypsum, and MgSO4, with the the 2v3 vibrational overtone of the SO4-2 anion being centered at 4.5 pm.
The multiband structure seen in the sulfate spectra is produced by the metal cation complexing with the SO4 -2
lowering the symmetry of the sulfate. The lower symmetry causes degeneracy in the v3 and v4 modes, and the

appearance of the v1 and v2 modes which are not infrared active under the tetrahedral symmetry that the SO4 -2 anion
occupies. Unfortunately the Mars atmosphere cuts off the short wavelength portion of the absorption. The sulfates
shown in figure 3a are shown in figure 3b at the resolution and wavelength of the telescopic data. Note that there does
not appear to be any of the structure associated with the sulfates shown above in figures 3 a and b present in the
telescopic data.

The location of this feature at 4.5 um, the 2v3 SO4 overtone, is especially exciting as the Viking lander sites

detected large quantities of sulfur (~7 wt% SO3) in the Martian soils. The sulfur content was highly variable even at 2
local level. Sulfur abundance ranged from 5.9 wt% to 9 wi% SO3 at Chryse and from 7.6 wi% to 8.5 wt% SO3 at
Utopia (2).
Spatial Variation in the 4.5 pm band depth -- Implications for sulfate distribution. In order to
isolate atmospheric effects from surface absorptions we compared spectra which had the same 3.81 pm band depth. The
3.81 um band is caused by CO2 with 160 and 170 (1). The isotopically heavy CO2 absorption provides an indicator,
independent of possible sulfate absorption, of the similarity of atmospheric conditions of the various spectra. The
spectra for the regions Valles Marineris, Argyre Basin, Eastern Solis Planum and Eastern Tharsis (figure 2) all have
3.81 pum band depth between 3.1% and 3.3%.

In comparing the Valles Marineris, Argyre Basin, Eastern Solis Planum and Eastern Tharsis spectra, the 4.5 um

inflection discussed above is probably the strongest indicator of sulfate abundance. In order of strength of deepest
absorption to weakest the regions are ordered 1. Eastern Solis Planum, 2. Argyre Basin, 3. Eastern Tharsis, and 4.
Valles Marineris, although in no spectrum does the rise out of the carbon dioxide band match the atmospheric model.
A note of caution must be offered in taking this approach to estimating relative sulfate abundance as the strength of
the 4.5 um band could indicate not only the abundance but changes in mineralogy and degree of crystallization.
However, the four regions do follow a progression due to either sulfate abundance or chemistry and there is significant
variation between regions shown in figure 2.
Conclusions. The rise out of the 4.2 pm - 4.4 pm CO2 band cannot be matched by solely atmospheric constituents.
A surface absorption must be added at roughly 4.5 pm in order to decrease the reflectance rise and produce the 4.5 pm
inflection which is present in the data. The known presence of sulfates on the Martian surface and the location of this
feature at the 2v3 overtone of the SO4 -2 anion indicate that the surface absorption is probably caused by sulfates on
the Martian surface. An exact match to a terrestrial sulfate mineral has not been made but it is suggested that the
mineral has very weak structure and thus a high degree of symmetry . Significant variation exists between the spectra
at 4.5 um. In order of strength of deepest absorption to weakest the regions are ordered Eastern Solis Planum, Argyre
Basin, Eastern Tharsis, and Valles Marineris for the four regions measured at similar Mars atmospheric conditions.
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RADIATION DAMAGE IN GERMANIUM DETECTORS: IMPLICATIONS FOR THE
GAMMA-RAY SPECTROMETER OF THE MARS OBSERVER SPACECRAFT; J. Briickner,
M. Korfer, and H. Winke, Max-Planck-Institut fiir Chemie, Mainz, F. R. Germany; A. N. F.
Schroeder, Universitit zu K6ln; F. R. Germany; D. Filges and P. Dragovitsch, Institut fir
Kernphysik, KFA Jiilich, F. R. Germany; P. A. J. Englert, San Jose State University, CA, USA;
R. Starr and J. 1. Trombka, NASA Goddard Space Flight Center, MD, USA; 1. Taylor, Princeton
Gamma-Tech, NJ, USA; D. Drake and E. Shunk, Los Alamos National Laboratory, NM, USA.

High-purity germanium (HpGe) detectors will be used in space missions to measure gamma-
rays emitted by planetary bodies or astronomical sources. The upcoming NASA Mars Observer
mission, scheduled for launch in 1992, will explore the surface of the planet Mars for 1 Martian
year. One of the scientific instruments on-board the spacecraft will be a gamma-ray spectrometer
(GRS) that will utilize a coaxial n-type HpGe detector. The GRS shall make high-resolution
energy measurements of gamma rays emitted by the planetary surface. Cosmic-ray bombardment
of the planetary surface induces gamma-ray emission due to subsequent primary and secondary
nuclear interactions. Gamma-ray measurements made aboard the polar orbiting Mars Observer
spacecraft can be used to infer chemical composition of the Martian surface.

Previous experiments [1] and flight experience [2] have indicated that HpGe detectors
exposed to cosmic radiation can suffer significant radiation damage. As a result, the energy resolu-
tion of the HpGe detector will degrade to such a degree that it is not useful for further measure-
ments.

The purpose of this experiment was to obtain more detailed information on the behavior of
HpGe detectors under irradiation with high-energy charged particles in space and to test methods
of annealing radiation-damaged HpGe detectors in a closed system. Basic scientific as well as
engineering data on detector performance under simulated space exposure and operating conditions
were collected. These data will be used to help in the design, control, and understanding of how to
maintain the health of HpGe detectors during future space missions.

Several HpGe detectors were exposed to a proton irradiation at the French accelerator facility
Saturne (Laboratoire National Saturne, Saclay). One detector was a flight-type version of the Mars
Observer gamma-ray HpGe detector with a volume of 130 cm3. Six other HpGe detectors having
volumes of 90 cm3 were grouped in pairs, each pair mounted in a special double-cryostat. Each
pair consisted of a n-type and a p-type germanium crystal.

Simulation calculations on the interaction of protons with germanium were carried out by
using the HERMES code system. Implications from the calculations and space environment condi-
tions led to special requirements for the proton beam and detector setup. At the accelerator a 1.5-
GeV proton beam with a cross sectional area of 20 cm in diameter and with an intensity distribu-
tion of less than 20 % variation was obtained. The proton flux was as low as about 105 protons
cm2sec-1 and was measured with plastic scintillation counters and monitor foils. The HpGe detec-
tors were arranged inside the beam cross section in such a way that no Ge crystal was in the geo-
metrical shade of another. By using a special heating device the detectors were held at operating
temperatures of 90 K, 100 K, and 120 K to cover a temperature range expected for a planetary
mission. The irradiation of the detectors occurred in several steps until an accumulated fluence of
about 108 protons cm-2 was reached. The detectors were irradiated in predetermined increments of
proton fluence. During irradiation interruptions, gamma-ray spectra of 60Co were taken to evaluate
the performance of the detectors as a function of accumulated charged particle fluence.

At completion of the irradiation, all detectors were characterized and cooled stepwise to LN2
temperatures. Then, the detectors were transported in special containers to the laboratory at Mainz,
where a detailed characterization of their performance was carried out.

A total proton fluence of 108 protons cm-2 is about equivalent to one year of exposure in
space. At elevated temperatures the observed energy resolution degradation after accumulation of
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this fluence would not allow for high-resolution gamma-ray spectroscopy. But, as shown later,
annealing can remove the damage.

During the stepwise irradiation, the peak shape of the n-type detectors showed a significant
change. Before the irradiation the shapes were either pure Gaussian or showed a little exponential
tailing at the low-energy side. During the irradiation the exponential tailing evolved until it domi-
nated the entire low-energy side of the the peak. A Gaussian shape was maintained at the high-
energy side. More irradiation produced a new feature depending on the operating temperature: a
broad Gaussian peak sitting on top of the exponential tailing (in a logarithmic display visible as a
bump).

The full-width-at-half-maximum (FWHM) of the three 90-cm3 n-type detectors is shown in
Figure 1 as a function of proton fluence and operating temperature. The detector held at 90 K
showed the best resistance against degradation of energy resolution. The detector held at 100 K
(further on called "Yellow") exhibited an increase of degradation to 6 keV after being exposed to a
fluence of 1.1x108 protons cm-2; prior to the irradiation the resolution was 2.1 keV at 100 K. At
an accumulated fluence of 6x107 protons cm-2, which corresponds to about a half year of exposure
in space, the energy resolution of detector Yellow was still below 3 keV. After the irradiation
detector Yellow was cooled down to 90 K and its FWHM improved to 4.5 keV. The detector at
120 K showed an almost linear dependence of FWHM vs. fluence in contrast to the curve of
Yellow, which led to an resolution degradation from 2 keV before the irradiation to 3 keV at an
accumulated fluence of 3x107 protons cm-2.
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detectors at different temperatures as function of proton fluence. tion (7.2 keV at 90 K).

During annealing (heating up to 100°C or higher) the detectors stayed in their special
designed cryostat (the Ge crystal was encapsulated in a vacuum-tight inner can). After having
annealed detector Yellow at a temperature of 105°C for 11 hours, almost all damage was removed
(resolution improved from 7.2 to 2.4 keV). Further annealing of 50 hours at the same temperature
brought the energy resolution back to its original value. A further indication of complete recovery
of the annealed detector was the lack of variation in the intrinsic detector energy resolution as a
function of temperature in the range 90 K to 120 K.

The irradiation and annealing cycles of the detectors simulated space exposure and operating
procedures as closely as possible. The annealing temperatures applied to the detectors are available
on the Mars Observer GRS. The study showed that HpGe detectors can successfully be used in
long-term space experiments.

References: [1] Pehl R.H., Madden N.W., Elliott J.H., Raudorf T.W., Trammell R.C., and Darken L.S.

(1979) IEEE Trans. Nucl. Sci. NS-26, 321-323. [2] Mahoney W.A., Ling J.C., and Jacobson A.S. (1981) Nucl.
Instr. Meth. 185, 449-458.



CHEMICAL EVOLUTION AND OXIDATIVE WEATHERING OF MAGMATIC
IRON SULFIDES ON MARS
Roger G. Burns and Duncan S. Fisher, Department of Earth, Atmospheric and Planetary
Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139

INTRODUCTION. Ferric-bearing phases in the martian regolith testify to oxidative weathering reactions
near the surface of Mars. A paragenetic link between primary magmatic sulfide minerals on Mars and their
weathering products (gossans) has been proposed by us [1-3]. This model is based on petrogenetic
associations between komatiitic rock-types, Viking geochemical data, SNC meteorites, and terrestrial
magmatic sulfide ore deposits [4]. It appears that unique conditions during the evolution of the martian
crust have conspired to generate an acidic groundwater (permafrost) environment that has facilitated
chemical weathering of basaltic rocks on Mars.

Some of the steps that have been proposed during oxidative weathering of iron sulfides [1-4] are
summarized by reactions formulated in Table 1. Initially, deep-weathering reactions involving dissolved
ferric iron in acidic groundwater percolating from the surface converts pyrrhotite to pyrite (reaction {1}).
Pyrite is then oxidized either by ferric ions {2} or by groundwater equilibrated with oxygen in the
atmosphere {3}, even under an oxygen partial pressure of 10-5 bar existing in the present-day martian
atmosphere. Strongly acidic (pH 1 to 5) and sulfate-rich solutions are generated which stabilize and
mobilize a variety of simple and complex ions of Fe, including Fe2+, Fe*, FeSO4*, FEOH?*, etc. Above the
water table, these dissolved ions become unstable and produce hydronium jarosite {4} or eventually
goethite by further oxidation {5}, hydrolysis {6}, and decomposition {7} reactions, each of which
liberates H+ ions thereby promoting chemical weathering of basaltic silicate minerals {8}.

To test this weathering model, komatiitic pyrrhotites and olivines have been exposed to sulfuric acid
solutions, with and without the addition of ferric iron to simulate deep-weathering processes. We report
here measurements made on the reaction products, and summarize tectonic and geochemical processes that
might have modified the surface of Mars.

EXPERIMENTAL PROCEDURES. Powdered samples of pyrrhotite (Fe;Sg) and olivine (Fazy) were
reacted in stoppered flasks with sulfuric acid (pH 2) at 60°C, with and without the addition of dissolved IM
ferric sulfate, for time periods ranging from 1 to 5 weeks. Reaction products were filtered, washed with
cold distilled water, air-dried and measured by Mossbauer spectroscopy at ambient (295K) and liquid
helium (4.2K) temperatures to characterize the X-ray amorphous Fe3+*-bearing phases formed in the
reactions. Correlative Mossbauer spectra were also obtained for pyrite, marcasite, hematite, goethite, and
jarosite. The spectra were calibrated against a metallic iron foil standard.

RESULTS. Examples of 4.2K Mossbauer spectra of pyrrhotite before and after reaction with pH 2
sulfuric acid are shown in Figure 1. The unreacted pyrrhotite spectrum (Fig. 1a) is complex and consists of
3 or 4 superimposed magnetic hyperfine sextets. After reaction with H,SOy4, additional peaks appear at
approx. 0.1 and 0.7 mm s-! (Figs 1b & 1c) attributable to FeS; (pyrite or marcasite), which are intensified
(Fig. 1c) when Fe,(SOy); is present as a lixiviant. New peaks also occur near -7.75 and +8.5 mm s-land
represent another component sextet, the magnetic hyperfine splitting parameter of which (H = 50.6T)
resembles the value of goethite [5]. The breadth (Fig. 1b) or asymmetry (Fig. 1c) of the two goethite peaks
suggest that some hydronium jarosite (H = 49.3T) may also be present in the reaction products. The
Mossbauer spectra of reacted pyrrhotites, therefore, indicate that sulfuric acid has induced the pyrrhotite -
FeS, (pyrite or marcasite) — goethite (+ jarosite) oxidative reactions formulated in Table 1. Nanophase
goethite is also formed during reactions of olivine with H,SO4 [4], particularly in the presence of dissolved
Fe3+* ions, hydrolysis of which is unlikely in acidic (pH 2) solutions.

DISCUSSION. The experimental results for HySO4-degraded pyrrhotites support our proposed model
for the oxidative weathering of Fe-S sulfide minerals, in which supergene alteration of pyrrhotite in
groundwater and the formation of secondary FeS; phases precedes the deposition of goethite and jarosite in
gossans above the water table [1-4]. Dissolved Fe3* ions clearly promote the formation of supergene pyrite
or marcasite, and the acidic groundwater causes chemical weathering of ferromagnesian silicates such as
olivine to nanophase goethite. Similar oxidative weathering reactions involving pyrrhotite and olivine in
komatiitic basalts are suggested to have occurred on Mars, contributing to the ferric-bearing materials
present in the regolith there.

EVOLUTION OF THE MARTIAN SURFACE. Oxidative weathering of sulfides on Mars has been
largely confined to pyrrhotite, perhaps associated with pentlandite and minor chalcopyrite, which
predominate as accessory minerals in mafic igneous rocks and in associated ore deposits. Partial melting of
the martian mantle estimated to contain about 4.5 wt. % S [4] produced iron-rich basaltic magma which
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FIGURE 1. Mossbauer spectra measured at 4.2K of pyrrhotite : l | l
1 L

(a) before, and (b,c) after, reaction with pH 2 sulfuric acid for " e L r

5 weeks at 60°C, in the absence (b) and presence (c) of -10 .5. 0 5
dissolved 1M ferric sulfate. Peaks attributed to FeSy are Velocity, mm./sec.
identified, as are the positions of the goethite (G) and jarosite
(J) sextet spectra

TABLE 1. Chemical weathering reactions of iron sulfides and silicates
{1} FejSg + 6Fe3* => 4 FeS; + 9 Fe2+
{2} FeSz + 14Fe3* + 8 H0 => 15Fe2* + 25042- + 16 H*
{3} 2FeSy + 2H0 + 702 (g => 2Fe?* + 45042 + 4 H*
{4) 2FeSO4* + FeOH2+ + 6 HyO => (H30)Fe3(SO4)2(0H)g I + 4 H+
{5} 4Fe2* + 6H20 + O2(gq) => 4FeOOH + 8§ H*
{6} Fe3* + 2Hy0 => FeOOH ! + 3 H*
{7} (H30)Fe3(S04)2(0OH)s => 3 FeOOH +2 S042" + 4 H* + Hy0O
(8} (Mg, Fe)pSiO4 +4 H* => 2 (Mg2* + Fe2*) + Si02 (qq) + 2 H20
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MOSSBAUER SPECTRA OF OLIVINE-RICH WEATHERED ACHONDRITES:
II. BRACHINA, CHASSIGNY, ALHA 77005, AND NAKHLA
Roger G. Burns and Sondra L. Martinez, Department of Earth, Atmospheric and Planetary
Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139.

INTRODUCTION. Olivine predominates in several SNC meteorites believed to have originated
from Mars, including Chassigny (approx. 90 modal % Fa3; s; [1]) and ALHA 77005 (~52%
Fajg.34; [2]). It is also a significant constituent of Nakhla (15.5% Fagg; [3]), and is present in
minor amounts in EETA 79001 lithology A, Lafayette and Governador Valadares [4].
Furthermore, almost 80% of Brachina is olivine (Fa3g) [5,6] (which is related to ALHA 84025;
[7]), and this meteorite was once grouped with the SNC meteorites. Because olivine is
particularly reactive in low temperature environments and forms iddingsite under hydrothermal
conditions and during weathering [8], the presence of such ferric-bearing oxyhydroxide and
phyllosilicate assemblages may be indicative of oxidative weathering in an aqueous environment on
Mars. Since the presence of ferric iron in amounts exceeding 1-2% is usually readily detectable by
Mossbauer spectroscopy [9], and because preliminary measurements of weathered meteorites at
very low temperatures enabled nanophase hydrated Fe(III) oxide phases to be identified [9,10],
we have measured the spectra of several olivine-rich achondritic meteorites and report here 295K
and 4.2K Mossbauer spectral data for SNC and related meteorites; an accompanying abstract [11]
describes similar measurements on a suite of ureilites found in Antarctica.

SPECIMENS STUDIED. Achondrites acquired for the Mossbauer spectral measurements
included: ~100 mg chips from interior portions of Brachina, Chassigny and Nakhla; homogenized
powders from the Antarctic Meteorite Collection of the "dark" (olivine-rich) and "light" (olivine-
depleted) fractions of ALHA 77005; and a powdered eucrite (ALHA 80102) showing moderate
rustiness, which served to locate pyroxene peaks in the low-temperature spectra. Experimental
details are described in the accompanying abstract [11]

RESULTS. Assembled in Figure 1 are the 4.2K Mossbauer spectra of the six achondrites. It is
immediately apparent from Figure 1 that peaks at approx. -7.75 and +8.5 mm s-1 are most
conspicuous in the Brachina spectrum (Fig. la), yielding a value of 50.3T for the magnetic
hyperfine field which corresponds to values for goethite. Magnetic ordering of this Fe(Ill)
oxyhydroxide phase is not observed in the 295K spectrum, however, indicating that the ~7% ferric
iron present in Brachina occurs as nanophase (<10 nm) goethite. Very weak FeOOH features
appear in 4.2K Mossbauer spectra of Nakhla (Fig. 1e) and eucrite ALHA 80102 (Fig. 1f), but not
in the spectra of Chassigny (Fig. 1b) or the ALHA 77005 "dark" (Fig. 1c) and "light" (Fig. 1d)
fractions, even though the 295K spectra resolved small amounts of ferric iron in Chassigny (2.3%
Fe3+) and ALHA 77005 (1.7% Fe3*; [10]) as well as Nahkla (1.6% Fe3+; [9]). The ferric iron in
Chassigny appears to be accomodated in the olivine structure as it is in ALHA 77005 [12], and
not in the iddingsite FeOOH phase present in Nakhla and Brachina.

DISCUSSION. The presence of goethite in Brachina correlates with the "small amount of
limonite produced by terrestrial weathering" reported when the meteorite was found in South
Australia [5]. Similar terrestrial weathering could not have occurred in Chassigny and Nakhla
which were collected as falls, so that their ~2.0 Fe3+ probably represents preterrestrial oxidation
during exposure on Mars. We also conclude that the ferric iron measured in olivine-separates [12]
and bulk samples [9] of ALHA 77005 did not originate in Antarctica but was produced during low
temperature alteration reactions on the martian surface.

REFERENCES. [1] R.J.Floran et al., GCA, 42, 1213 (1978); [2] H.Y.McSween Jr et al., Science, 204,
1201 (1979); [3] T.E.Bunch & A M.Reid, Meteoritics, 10, 303 (1975); [4] H.Y.McSween Jr, Rev. Geophys., 23,
391 (1985); [5] J.E.Johnson et al., Rec. Sth. Austral. Mus., 17, 309 (1977); [6] C.E.Nehru et al., Proc. 14th
LPSC, JGR, 88, B237 (1983); (7] P.H.Warren & G.W.Kallemeyn, Proc. 19th LPSC, 475 (1989); [8]
R.A.Eggleton, Clays & Clay Min., 32, 1 (1984); [9] T.C.Solberg & R.G.Bums, Proc. 19th LPSC, 313 (1989);
(10] R.G.Burns, Lunar Planet. Sci., XX, 129 (1989); [11] S.L.Martinez & R.G.Burns, Lunar Planet. Sci., XXI,
this vol. (1990); [12] R.Ostertag et al., EPSL, 67, 162 (1984); [13] Research supported by NASA grants NSG-
7604 and NAGW-1078.
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PHYSIOGRAPHIC CHARACTERISTICS OF MARTIAN DRAINAGE BASINS. CABROL, N.A ,
Lab.Geo.Phys. (UAO141CNRS) and Lab.Phys.Syst.Solaire.Meudon 92195, -France-

In this study, a martian drainage basin is defined by the limit with the

environment of a system of thalwegs. These systems are widly distributed on
the craterized uplands and display various morphologies and sizes (from 2000
km2 to 50 000 km2). A conceptual model, built up with geometrical data from
the 1: 2.000.000 maps, yields to a classification of drainage basins. This
classification is based upon the relationship between the perimeter (P) and
the area (A) of the basin, and is expressed by two coefficients : Kd (drainage
density) = ZILi/A, where ZLi is the sum of the basin branch lengths. Kc
(drainage basin compacity, Gravellius coefficient) = P/2n/A # .28P/4A. P is
the length of a drainage basin limit, which is defined in this method by a
line located 10 km upstream the headwater system and including the branch
systems until the outlet. This 10 km value considers the limited Viking
resolution, and the 1limit of the hydrogeological system of underground water
reservoirs. To test this model, 15 well preserved drainage basins are selected
between -47° and +19°Lat. in order to cover a representative distribution. The
model is calibrated by 8 terrestrial basins, located on 3 different geological
units (Bassin Aquitain, Bassin de la Durance and Bassin de la Seine -France-),
respectively in 3 rainfall regimes. These coefficients Kc and Kd characterize
the basin physiographies. Within the model, a discriminant parameter Kd/Kc = D
(drainage intensity) is established. Terrestrial Kc values vary from 1 to 1.5
and Kd from .02 (karsts : scarcely branched areas) to 300 (badlands, high
drainage intensity areas). So, terrestrial D is included between 200 (high
drainage intensity) and .01(low drainage intensity) with medium compacity
value of 1.5. The relationship between Kd and Kc allows to classify martian
and terrestrial basins (Fig.1l) which are represented on the graph by their
parameters Kd and Kc. Three concentrations appear, one for the terrestrial
examples, and two for the martian basins. The gravity center for the
terrestrial examples is Kd= .05 and Kc= 1.3, so D=.04. For the martian lower
concentration I, the gravity center coordinates are : Kd=.1 and Ke=1.6, so
D=.06. For the martian concentration 11, the gravity center coordinates are :
Kd=.05 and Kc=3, so D=.01.The D martian values for the 15 tested basins are
closer to the representative value of terrestrial low drainage basins
intensity located on geological units of karstic types. The martian drainage
basins of (5*/-2) .105 km?2 correspond to a high compacity value and a low
thalweg distribution.Martian drainage basins of (30*/-10).106 km2 correspond
to a low compacity value and a low thalweg distribution.
A first conclusion is that Kd value varies only between .03 to .15 (Earth .02
to 300). The result is calibrated with 30 other drainage basins on Mars.
Because Kd is related to the geological type of the basin, this result
indicates a probable undiversified substratum on a wide area (-50°, +10°Lat.)
in which local singularities might lead to groundwater occurrences. A second
conclusion is : for martian drainage basins, Kc appears as a clear
discriminant coefficient.

These conclusions are then correlated with a mapping of headwater branch
densities (order 1) on the entire martian surface. The results vary from 100
to 1 per 106 km?, implying a wide interval of variation. These headwater
systems are found mainly in the Margaritifer Sinus, Sinus Sabeus, and Iapygia
regions. Their dispersion is unconsistant with an organized meteorological
feeding origin and with true surface drainage basins. The .03 mean Kd value
and the 1.6 to 3 Kc values (corresponding to elongated basins with isolated
headwater systems) lead to support the seepage hypothesis.
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The third conclusion is : the 1limits of martian drainage basins are not
divides. The basins are not joined, they are widely spreaded as relatively
small units on wide areas. The methodological hypothesis considering these
basins as isolated systems is consistant with the observation.

REFERENCES : Abrahams, A.D, 1984 Channels networks : a geomorphological
perspective. Water.Res.Research, 20, p161-188. Baker, V.R, and Partridge, J.B,
1986 Small martian valleys : Pristine and degraded morphology. J.G.R 91,
p3561-3572. Battistini, R, 1985, in Klinger et al (eds), Hydrolithosphere and
problem of subsurface ice in equatorial zone of Mars, Ices in the Solar
System, p607-617. Cabrol, N.A, 1988, Compte-rendu des Journées de
Planétologie. (CNRS/INSU). Cabrol, N.A, 1988 Morphological variations and
evolution of channels on Mars. LPI, XX, pl136-137. Carr, M.H, 1986 Mars a water
rich Planet? Icarus 68, pl187-216.

Ke
0 1 1.9 2 3 4
Kd N 1 ) 1 i t 1 s 1 1 1 1 ! ]
T 1] L) i 1
0.01 4+ DRAINAGCE INTENSITY (D = Kd/Kc) b
-F1G.1-
(07 TERRESTRIAL -
- N
/’-‘\. / /”’ o ;
J 7 awer o L7 @ S
\
l, AV \ I, /
0.05 <+ TR V-1 \ fis T 7/
N va 2 Au} le 105 113 ,
1 - e - ® o __/
] S P AR ==
\\ A/ / ‘llo. ~
=7, 1 ~ MARTIAN
- Vs ® ~ <
/102 N
] / 03 RRN
1114
0.1 - —}- . u}\ -t
\ . ]
. .
", © .
~
\\\\ 129, . ’ 1.12
109 ha RN
.
& EARTH )
. 4
0.15 1 ¢ ® MARS 1
-- GRAVITY CENTER
: i 1 1 1 4 " L 1 1 1 l { :



ANALYSIS OF MARINER 6 AND 7 SPECTRA FOR WEAK ABSORPTION FEATURES FROM 2
TO 6 um, Wendy M. Calvin and Trude V. V. King, U. S. Geological Survey,
Denver, Colorado 80225

The current study of the Mariner 6 and 7 spectra was undertaken to iden-
tify previously wunrecognized absorption features and to confirm the results
of recent ground-based observation of Mars by Clark et al. (1989), Blaney and
McCord (1989), and Pollack et al. (1989). The Mariner data have the advan-
tage that they are not affected by terrestrial atmospheric absorption, have
higher spatial resolution than terrestrial observations, and cover the short
wavelength infrared region with reasonably high spectral resolution. How-
ever, the Mariner data are subject to a variety of other uncertainties which
we have attempted to correct for, in as far as is possible twenty years after
the original flyby.

The Mariner 6 and 7 infrared spectrometer data set was obtained from
Martin (1985), who provided corrections to the current latitude and longitude
system and an initial wavelength calibration. The wavelength region from 2 to
6um is covered by two halves of a circular variable filter wheel. The first
wavelength segment is 1.9 to 3.7um and the second is 3.0 to 6.0um. In
between each half of the filter wheel is a clear aperture which produces a
fiduciary spike ostensibly for wavelength calibration. The use of the fidu-
ciary spikes for this purpose was found to yield inaccurate wavelengths, as
did corrections using atmospheric bands at one side of a wavelength segment.
Apparently the rotation rate of the filter wheel varied nonlinearly and so
adjustments at one side of the wavelength segment often will not accurately
predict wavelengths on the other side of the wavelength segment. Further
wavelength calibrations were performed using atmospheric CO bands, where
available, and fiduciary spikes. In the 3 to 4-um wavelength region where mno
strong atmospheric bands occur a feature caused by an absorption in the
filter at 3.4um (Herr et al., 1972, and Pimentel et al. 1974) was used for
calibration.

Other corrections made to the data set include removal of a space back-
ground signature, correction for the instrument response as a function of
wavelength, removal of the thermal flux to the reflected component and
finally correction of the reflected solar response to reflectance. These
additional corrections were only made for the 3 to 6-um wavelength region
because at shorter wavelengths the space background did not vary signifi-
cantly from zero and calibration spectra are not Yyet available to derive
accurate instrument response functions. For the longer wavelength segment
space background responses were determined from 6 spectra recorded after the
flyby. The average of these was fairly noisy and it was necessary to smooth
the response function using a fast Fourier transform. Instrument response
functions, determined from black-body calibration spectra included in the
flight data set, were also smoothed to eliminate the introduction of noise.
In addition, the solar flux was calculated and adjusted for Mars' distance
from the sun, and the thermal contribution was calculated using temperatures
determined by the original instrument team (Pimentel et al., 1974).

In the wavelength region from 1.9 to 3.6pm, several absorption features
that cannot be attributed to atmospheric absorptions are observed in the pro-
cessed Mariner 6 and 7 data. The most dominant feature 1is the broad 3um
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absorption associated with hydrated surface minerals which was discussed by
Pimentel et al. (1974). An absorption feature is also observed in the 2.3 to
2.4-pym wavelength region which is in agreement with the Clark et al. (1989)
observations. However, the resolution of the instrument is insufficient to
verify whether the 2.3-2.4um feature is atmospheric or mineralogic in origin.
Between approximately 2.45 and 2.62um there are two broad absorption bands.
The shorter of the two bands is centered on 2.48um and seems to be correlated
to a band observed by Clark et al. (1989) at 2.45um. The 2.48um absorption
feature in the Mariner data could be shifted in wavelength because the
wavelength calibration is fixed at isolated points, the closest of which is
at 2.7um,. The second band 1is broader (2.5- 2.65um) and can possibly be
explained by discrepancies between the amount of atmospheric water modeled
and observed or the presence of hydrated surface minerals. Removal of the
atmospheric signature in the 2.7 to 2.8-um region indicated a residual
absorption feature at 2.76um which can be attributed to the presence of OH-
bearing mineral phases. This feature can be seen weakly in some of the origi-
nal Mariner 7 spectra. Attempts to confirm it with Mariner 6 were unsuccess-
ful as the signal to noise ratio of Mariner 6 data is much worse than that of
Mariner 7. Uncertainties associated with removing atmospheric absorptions
have precluded a definitive identification of an OH-absorption feature.

In the 3 to 6-um region the strongest absorption features result from
atmospheric absorptions, However, a broad 3-um absorption associated with
hydrated minerals is present. The 3.8-um feature reported by Blaney and
McCord (1989) is confirmed. Over Hellas the 3.8um feature is nearly twice as
deep as is predicted for a four airmass atmosphere, indicating a mineralogi-
cal as well as atmospheric origin. In addition, a weak feature at 5.35um, on
the edge of the atmospheric CO, band at 5.2um, is observed in both Mariner 6
and Mariner 7 spectra of the Meridiani Sinus region. These absorption
features can result from the presence of OH-bearing mineral species and pos-
sibly, based on preliminary laboratory spectra, from S-bearing mineral phases
or a combination of the two mineral species.

This study confirms the presence of several weak absorption features
observed by terrestrial observations and identifies previously unrecognized
absorption features in the wavelength regions from 2.5 - 2.65 and 5.35um in
Mariner 6 and 7 data. These features appear to be mineralogic rather than
atmospheric in origin and are believed to result from the presence of OH- or
S-bearing minerals on the Martian surface.
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THE EFFECTS OF FLOODS, VOLCANISM AND POLAR PROCESSES ON THE D/H RATIO
IN THE MARTIAN ATMOSPHERE. M. H. Carr, U. S. Geological Survey, Menlo Park, CA
94025.

Water in the martian atmosphere is 5.1 times more enriched in deuterium
than terrestrial water (Owen et al., 1988; Bjoraker et al., 1989). The
enrichment has been previously attributed to either massive loss of water early
in the planet’s history (Owen et al., 1988) or to the presence of only a very
small reservoir of water that has exchanged with the atmosphere over geologic
time (Yung et al. 1988). However, early massive loss of nearly all the planet’s
water appears inconsistent with abundant evidence for the action of water
throughout Mars history, and exchange of only small amounts of water with the
atmosphere is contrary to interpretation of channels as water worn, and
interpretation of the poles as a sink for water. Here we examine what effect
geologic processes might have on D/H in the atmosphere, and assess whether the
geologic model for the evolution of the Mars surface that has been developed over
the last two decades needs major revision.

Ooutflow channels are generally believed to have been formed by large
floods. A large flood would immediately inject a substantial amount of water
into the atmosphere, then in the long term water would sublime into the
atmosphere from the ice rich deposits that must have formed where the water
pooled after the flood was over. To estimate the amount of water injected into
the atmosphere, a flood was divided into three stages. Assuming present
conditions on Mars at the time of a flood, and using previously derived
techniques for determining sublimation rates (Toon et al., 1980), it was
estimated that roughly 10l g of water would evaporate into the atmosphere in
the active stage, while the flood was in progress. This water probably would
have frozen out rapidly at the poles to form an ice layer a few centimeters
thick. In the second stage, the lake that formed at the end of the flood channel
freezes, and the thermal anomaly created by the presence of the lake dissipates.
It was estimated that in a typical flood the terminal lake would take about one
year to freeze solid and the thermal anomaly would take about 6 years to
dissipate during which time about another 101 gm of water would evaporate into
the atmosphere and be precipitated out at the poles. The long term fate of the
terminal ice deposits would depend on their latitude and thickness of any
superimposed dust. Most of the floods in Elysium and Hellas, and around Chryse
Planitia appear to have pooled at high latitudes (McGill, 1985; Lucchitta et al.,
1986). Dust would affect the stability of ice deposits by reducing daily
temperature excursions and inhibiting movement of water vapor from the buried
ice to the surface. These effects were modelled using the techniques developed
by Clifford and Hillel (1983). For an ice deposit at 50° latitude, covered with
a few tens of centimeters of dust, sublimation rates are estimated to be
extremely low, in the range of 1077 - 10” g em™2 yr -. Sublimation rates at
the equator are over 100 times higher. Thus, the immediate effect of a flood on
the atmospheric D/H would be to reset the atmospheric D/H to the value for
groundwater. The long-term effect would depend on the latitude of the terminal
jice deposit. Sublimation rates are so low for high latitude deposits that the
D/H in the atmosphere could become enriched with respect to groundwater in
response to upper atmosphere losses. If the terminal ice deposit were at low
latitude, the atmosphere would be maintained at the D/H value for groundwater
until the deposit had fully sublimed.
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D/H ON MARS
Carr, M. H.

Volcanism is likely to have episodically introduced water into the
atmosphere throughout the history of the planet. Greeley (1987) estimates that
25 to 41 m of water averaged over the whole planet have been introduced onto the
surface by volcanism during the last 3.5 Ga. Judging from the size of lava
flows, individual eruptions could almost instantaneously introduce 1013 to 10
gm of water into the atmosphere. The larger eruptions would inject enough water
into the atmosphere to reset its D/H ratio to that of juvenile water. Much of
the erupted water would have rapidly frozen out at the poles without having its
D/H ratio changed.

The effect of polar processes on D/H in the atmosphere depends on how
actively water at the poles is exchanging with the atmosphere. If the Yung et
al. (1988) estimates of loss of hydrogen from the upper atmosphere are correct,
and water at the poles has actively interchanged with the atmosphere, then the
poles can contain no more than 9.2 m of water averaged over the whole planet.
But this conclusion is inconsistent with evidence of introduction of water onto
the surface by floods and volcanism, and with the current perception of the
polar layered terrains as ice rich. Jakosky (in press) suggested that Yung et
al (1988) had underestimated hydrogen loss rates. He suggested that loss rates
at high obliquity could be 12@ times present rates, and the time averaged value
20 times the present rate. If so, then the reservoir of water at the surface
would be correspondingly increased. An alternative explanation of the
inconsistency is that exchange of water between the poles and the atmosphere is
minimal, and restricted to the upper few centimeters of the polar deposits.
Thus, new ice added to the polar deposits as a result of floods or volcanism,
retains its initial D/H ratio except for the upper surface. In this case, the
D/H in the atmosphere evolves almost independently of the poles, and reveals
little about the inventory of water at the surface. Such a scenario is
consistent with the crater ages of Plaut et al. (1989), which suggest that the
polar layered terrains are older than formerly thought.

We can conclude that the D/H enrichment of the atmosphere is not
necessarily that of the bulk of the near surface water. The evolution of D/H
in the atmosphere is likely to have been episodic. Floods and eruptions would
have periodically reset the atmospheric D/H to the groundwater and juvenile
values respectively. Between these events the atmosphere would have become
enriched in deuterium at a rate dependent on the rate of interchange of water
between the atmosphere and other surface reservoirs such as the poles.

REFERENCES. Bjoraker, G. 1., Mumma, M. J., and Larson, H. P., Proc. 4th Int.,
Conf. on Mars, Tucson, 69-7@ (1989). Clifford, S. M., and Hillel, D., J. Geophys.
Res., 88, 2456-2474 (1983). Greeley, R., Science, 236, 1653-1654 (1987).
Jakosky, B. M., J. Geophys. Res. (in press). Lucchitta, B. K., LPSC XVII, 498-
499 (1986). Mc Gill, G. E., LPSC XVI, 534-535 (1985). Owen, T., Maillard, J.
P., deBergh, C., and Lutz, B. L., Science, 240, 1767-170 (1988). Plaut, J. J.,
Kahn, R., Guiness, E. A., and Arvidson, R. E., Icarus, 76, 357-377 (1988). Toon,
0. B., Pollack J. B, Ward, W., Burns, J. A., and Bilski, K., Icarus, 44, 552-
607 (1980). Yung, Y. L., Wen, J., Pinto, J. P., Allen, M., Pierce, K. K., and
Paulsen, S., Icarus, 76, 146-159 (1988).
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CRATER MORPHOLOGY VARIATIONS IN THE ELYSIUM REGION:
IMPLICATIONS FOR ICE DISTRIBUTION ON MARS

Julie A. Cave, U.L.O. Planetary Image Centre, 33-35 Daws Lane, Mill Hill,
London NW7 4SD.

INTRODUCTION: Variations in crater morphology are attributed to differences in target strength,
depth of excavation, presence of near-surface volatiles, and environmental conditions (1,2,3,4). Rampart
craters and other features which may be a result of the presence of sub-surface ice have been observed in
the Elysium Volcanic province (5). The aim of this study is to examine the distribution of various crater
characteristics and to evaluate the usefulness of crater morphology as an indicator of sub-surface ice.

METHODOLOGY: Preliminary mapping of the region indicated a great complexity of crater mor-
phologies. The study area (155-245°, 15°S-47.5°N) covers a wide range of latitude, altitude, surface type
and age and there are therefore several factors that could have contributed to the observed morphological
variations. Using mosaics of Viking frames (at a scale of 1:1250000) the co-ordinates of each crater over
1.875km in diameter were digitised. A comprehensive classification scheme was devised that recorded the
characteristics of each component of the crater allowing as much detail as possible to be used in the anal-
ysis. The characteristics of the craters’ morphology recorded include: profile, central features, rim nature
(continuous, buried etc.), rim condition (fresh, terraced, degraded etc.), ejecta type and surface texture
(for each component of multiple blanket ejecta), geological unit according to references (6) and (7), and
local target nature (e.g. lava flow, crater ejecta, channel floor). A confidence factor was also included since
the precision of interpretation varied with resolution, although wherever possible the descriptive details
were confirmed by checking the highest resolution images available. These details were incorporated into
a homogeneous database which can be searched systematically to highlight the dominant factors. Initial
analysis has concentrated on average or dominant crater characteristics as a function of latitude, altitude,
geological unit, crater diameter and local target nature. The database is nearing completion, and initial
observations presented here come from a preliminary analysis of 3060 craters in the Northern Hemisphere.

OBSERVATIONS:

(a) Approximately one third of the selected craters have discernable ejecta blankets. Plots of maximum
ejecta diameter versus crater diameter (hereafter abbreviated to Evs®) provide an indication of the mobility
of the ejecta which is presumed to reflect the degree of fluidisation. The majority of the ejecta documented
showed some degree of fluidisation (even for the smallest craters), and very few radial ejecta blankets were
observed (this may be due in part to the resolution, since radial deposits are harder to detect). If the
fluidisation of the ejecta is due to the incorporation of subsurface volatiles, then variations in the gradients
of Evs® reflect changes in the state or concentration of volatiles rather than a transition from ‘dry’ to
‘wet’ materials being excavated (ignoring possible atmospheric effects).

(b) For most geological units there is a well-defined relationship between ejecta diameter and crater
diameter. Many units (although the statistics of some are limited) seem to exhibit significantly higher
gradients at larger crater diameters. When all the data are combined the resulting graph is a smooth,
rising curve, but the data for several units taken individually exhibit gradient discontinuities. The position
of such discontinuities, and the gradients appear to depend on the geological unit. The Elysium lava
plains, unit AEL1 have a lower gradient of 2.1+0.2, upper gradient of 3.6+3.6, with an assumed break-
point occurring at crater diameter 7km. The lower gradient lies between the gradient for similar-sized
craters on Elysium Mons itself (AEL2, 2.040.1) and that of the channeled deposits AEL3 which originate
from the N.W. flanks of the volcano (gradient = 2.940.2). This might suggest a localised transfer of
volatiles from AEL2 to AEL3 driven by the increased thermal gradient of Elysium Mons. Further evidence
of volatile enrichment of units AEL3/4 is provided by the marked concentration of double-ejecta craters
in this location (see figure 1).

(c) An initial investigation of Evs® has revealed no obvious trend with latitude, except that the
previously mentioned relationship breaks down at latitudes greater than about 40° N. Plots of Evs® in
this region indicate a wide scatter of the data, which may be due to the high concentration of pedestal
craters here.

(d) The precise target nature does appear to have influenced the spread of the ejecta: a linear Evs®
relationship occurs for craters that have impacted other crater rims (despite varied geological locations)
and a possible linear trend has been observed for craters on volcanic constructs.
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(e) The location of central features is as shown in Figure 1. The peaked craters are widely distributed
on many units, while the pit craters are less frequent and have a more limited distribution. The plot of
Evs® for these craters indicate similar ejecta fluidities, possibly indicating similar formation conditions.
The scarcity of pits may be due in part to the infilling or flooding of many of the larger craters in the
sample set.

(f) These observations are currently being checked for statistical accuracy. Altitude, radial distance
from Elysium Mons, and estimates of the depth of excavation will also be taken into account. The
morphological characteristics of the ejecta will be examined simultaneously with the dimensional data.

The database is a valuable aid in the interpretation of the crater morphology in the area, and will
also provide information on the ages and resurfacing histories of the units. This work forms part of a
detailed investigation of Elysium in which all possible indications of the presence of ice (craters, channels,
chaotic and knobby terrain, volcano eruptive styles) are being assessed. Comprehensive studies of the age,
nature and distribution of each ice-related landform will enable further constraints to be placed on the
importance, timing and distribution of ice in Elysium. In a future project, the Hellas volcanic region will
be investigated using the same technique, allowing comparisons to be made between two volcanic provinces
of different ages and geological settings.

REFERENCES: (1) Head J.W., Proc. L.P.S.C. VII 2913-2927, 1976. (2) Carr M.H., Crumpler L.S.,
Cutts J.A., Greeley R., Guest J.E. and Masursky H., J. Geophys. Res. 82 4055-4065, 1977. (3) Mouginis-
Mark P.J., J. Geophys. Res. 84 8011-8022, 1979. (4) Bridges N.T. and Barlow N.S., L.P.S.C XX 105-106,
1989. (5) Mouginis-Mark P.J., Wilson L., Head J.W., Brown S.H., Lynn Hall J. and Sullivan K.D., Earth,
Moon, and Planets 30 149-173, 1984. (6) Scott D.H. and Tanaka K.L., Map 1-1802-A, U.S.G.S., 1986. (7)
Greeley R. and Guest J.E., Map 1-1802-B, U.S.G.S., 1987.
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CROSSCUTTING, PERIODICALLY SPACED WRINKLE RIDGES OF HESPERIA PLANUM;
D. John Chadwick, Dept. of Geology, Northern Arizona University, Flagstaff, AZ 86001;
Thomas R. Watters and Michael J. Tuttle, Center for Earth and Planetary Studies, National
Air and Space Museum, Smithsonian Institution, Washington, D.C. 20560

Wrinkle ridges are the long, sinuous anticlinal features which occur on the volcanic
plains units of the terrestrial planets and the Moon. Most of these ridges form single,
parallel trending groups or concentric patterns within circular basins. The wrinkle ridges
of Hesperia Planum on Mars, however, show a much more complex spatial relationship.
Two distinct sets of ridges have formed here, crosscutting one another at nearly
orthogonal angles, implying a more complex structural history for the region. Termed
reticulate ridge patterns (1), these crosscutting ridges are found elsewhere on Mars, but
at Hesperia Planum they dominate a very large area to the east and southeast of Tyrrhena
Patera.

in this study, the two directional components of the reticulate pattern were
separated and ridge spacing was determined using a series of sampling traverses spaced
about 20 km apart and oriented perpenducular to the mean ridge trend of both sets. In
addition, the two sets of ridges maintain a constant trend over a limited area. Therefore,
a large area of Hesperia Planum containing the reticulate pattern was divided into four
domains based on the mean trend of the ridges. In each of the domains, the ridge
spacings of the two sets were found to be very similar and passed the statistical t-test for
equivalency. This test compares two sets of sampled numerical data to determine if they
appear to be derived from the same population. The mean spacing for the two ridge
sets in each domain are as follows: 38.23 km and 36.13 km for domain one, 32.02 km
and 33.75 km for domain two, 36.10 km and 35.58 km for domain three, and 23.80 km
and 24.26 km for domain four. The equivalent spacing of both sets of ridges can be
explained by two superimposed episodes of buckling at a critical wavelength, governed
by the rheological properties and thickness of the plains material in which the ridges
formed (2).

The origin(s) of the compressive stresses which formed the reticulate pattern is not
readily apparent. The compressional stresses that resulted in the formation of the wrinkle
ridges of the Tharsis Plateau may have been in part due to isostatic uplift (3,4,5,6). inthe
absence of a "Tharsis-like" uplift or load in Hesperia Planum, other mechanisms for the
generation of compressional stresses must be found. Compression may have resulted
from subsidence due to loading of the volcanic plains material (1), but this mechanism
may produce only a single ridge trend related to the shape of the basin. A superimposed
regional tectonic event may account for the second ridge set in the reticulate pattern, with
local influences accounting for the variable trends of the ridges.

REFERENCES

(1) Raitala, J., Earth, Moon and Planets, 40, 71-89, 1988. (2) Watters, T.R., submitted to
JGR, 1989. (3) Banerdt, W.B., M.P. Golombek, and K.L. Tanaka, submitted to Mars,
University of Arizona Press, Tucson, AZ, 1989. (4) Banerdt, W.B., R.J. Phillips, N.H.
Sleep, and R.S. Saunders, JGR, 87 9723-9733, 1982. (5) Sleep, N.H. and R.J. Phillips,
JGR, 90 4469-4489, 1985. (6) Watters, T.R. and T.A. Maxwell, JGR, 91 8113-8125, 1986.
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CROSSCUTTING WRINKLE RIDGES: D.J. Chadwick et al.

Figure 1. Crosscutting
wrinkle ridges of Hesperia
Planum; a portion of domain
three.

Figure 2. The four domains of
eastern and southeastern Hesperia

Planum.
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GEOLOGIC MAPPING OF LOWER MANGALA VALLES, MARS: EVIDENCE OF FLOODING,
SAPPING, DEBRIS FLOW, AND VOLCANISM'; Mary G. Chapman and Kenneth L.
Tanaka, U.S. Geological Survey, 2255 North Gemini Drive, Flagstaff, AZ
86001.

Two periods of catastrophic flooding are indicated by detailed
geologic mapping of the Mangala channel, based on two 1:500,000-scale
photomosaics (MTM -05152 and -10151), computer enhancement of Viking
images, and photoclinometric channel profiles. The ages of these two
episodes are Late Hesperian and Amazonian-Hesperian. Lobate lava flows
were erupted during channeling episodes; at least two stratigraphically
distinct, resistant lava flows filled the early channels; later flooding
eroded the surrounding, less resistant material to leave the lava-capped
channels higher than surrounding terrain (i.e. inverted topography).
Impact craters that were breached and filled by the earliest phase of
flooding formed lakes; some of these ponded areas were covered by lava,
others were refilled by the later period of flooding. This flooding period
was followed by (1) spring sapping that formed narrow, theater-headed
channels (2) debris-flow deposition resulting from chaotic collapse of
lava-capped material within breached craters. The direction of drainage
was north toward Amazonis Planitia, where the flow materials were partly
covered by Middle Amazonian lobate lava flows.

'Previously published in GSA Abstracts with Programs, 1989, v. 21, no. 6,
p. 4108.
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Chicarro A.F., Space Science Department, ESA/ESTEC, 2200 AG Noordwijk, The Netherlands.

The exploration of Mars by unmanned spacecraft during the last quarter of a century shows that,
although geologically less evolved, Mars is far more Earth-like than any other planet. Its internal
evolution, resulting in intense tectonic and volcanic activity, and the exogenic processing of its surface,
have extended over several billion years. Aside from the Earth, Mars is the only other planet with
surface-temperature conditions in the range of stability of complex organic compounds, and therefore,
it is an obvious target in the search for present or extinct lifeforms.

Specific goals: The future international exploration of Mars must address major scientific questions,
such as: What is the present internal structure, composition and activity of the planet? What are the
relative and absolute ages of Mars geologic units? What is the chronology of extensive and compressive
tectonic phases? Do SNC meteorites unequivocally come from Mars? What are the most common
minerals in volcanic, plutonic and sedimentary rocks? How different were the atmospheric composition,
pressure, temperature and dynamics in the past? What is the present surface and subsurface water
distribution 7 How closely did early Mars resemble the Earth when life appeared on our planet, about
3.8 billion years ago? Are there sediments on Mars containing organic compounds or primitive fossils?

Strategy: ESA has identified three possible areas of European participation in the future international
exploration of Mars. These options, two of them dealing with science from the surface, the other
addressing science from orbit, are as follows:

¢ Network science: A network of small surface stations, including a combination of 2 hard landers
(surface penetrators) and a cluster of 3 semi-hard landers (mini-probes), thus defining a global/local
seismological network (Figure 1) designed for an operational lifetime of one Martian year. The scientific
objectives (Table 1) would especially concentrate on the internal structure, mineral and chemical
composition, surface meteorology, and entry and descent science measurements. The global/regional
network concept could be part of a precursor mission to the Mars Rover Sample Return and Manned
Ezploration missions.

e Rover science: A sophisticated sample-acquisition subsystem, including intelligent robotic arm(s) to
be placed on-board a rover from another space agency, and capable of stereo-vision, handling, sampling
and analyzing rocks and soils. It would conduct detailed in-situ chemical and mineralogical analyses
of surface samples, subsurface structural studies, biological experiments, and atmospheric studies, at
a number of surface locations within a limited area of mobility. This sampling subsvstem could he 2
contribution to a Mars Rover Sample- Return mission.

e Orbiter science: A facility on-board an orbiting spacecraft able to: (i) acquire very high-resolution
imagery, (ii) provide radar altimetry and subsurface sounding, or (iii) contribute to the identification
of the mineralogical and chemical composition of geologic units. This orbital facility would include
a very sophisticated imager or a microwave radar instrument, and would have scientific potential for
any surveillance mission of Mars.

International cooperation: Any of the three selected areas for possible European participation
would represent a major and independent contribution to a future international mission to Mars,
complementing the already scheduled US Mars Observer and the USSR’s Mars-94 missions. However,
in-depth technical and scientific assessment studies, with emphasis on a Network mission, are currently
under way in ESA. Following the cooperative path initiated by Cassini, a participation in international
planetary missions stands as a sensible and viable approach for Europe, in order to take its proper
role in the exploration of the Solar System during the next decade and beyond.

Reference: Chicarro A.F. et al., Mission to Mars: Report of the Mars FEzploration Study Team, ESA
SP-1117, European Space Agency, 138 pp., 1989.
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Figure 1: Location of proposed landing sites in the Tharsis region.

Scientific interest

Site Device Payload Mass Geochemistry Meteorology Seismology
1 Cluster of 3 mini- Total of: 250 kg including Analyse ridged plains  Northern hemisphere  The three sites deter-
probes | global seismometer, aeroshell and material and subsur-  site, near Viking mine a triangle (of
3 loca) seismometers  ~5 kg payload on face volatile content Lander-1 in order to  side ~3500 km)
(1 axis), each probe compare results which englobes most
3 meteorol. packages, of the Tharsis uplift
1 camera, and its radial fault
chemical analysis system:
(DEG, TPA, PM, — likely tectonic ac-
GC)~ tivity
_ — good definition of
2 Independently targetted 100 kg including Analyse most wide- Southern hemisphere  seismic epicentres.
penetrator ~ 8 kg payload spread older unit: site: study formation  Global network: to
complex history of and evolution of determine Mars” inter-
For each penetrator: weathering and im- global dust storms nal structures
global seismometer ~ pacting Local network: to
(3 axis), study the lithosphere’s
3 Independently targetied camera, 100 kg including Analyse younger Near the equator and  upper layers. In addi-
penetrator meteorol. package, ~8 kg payload volcanic unit: type of  higher-altitude site: tion, meteoritic im-
chemical analysis voleanic activity. study formation of pacts do trigger

(DEG, TPA, XRF,
GRS, GC, PM, CS)

All three sites have
simple geology:
unmistakable units

clouds in addition to
weather patterns and

seismic waves: to help
determine the planet’s

atmospheric circulation internal structure

Table 1: Scientific interest of a network of small stations.
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DERIVATION OF MARS ATMOSPHERIC DUST PROPERTIES FROM
RADIATIVE TRANSFER ANALYSIS OF VIKING IRTM EMISSION PHASE
FUNCTION SEQUENCES; R.T. Clancy and S.W. Lee, Laboratory for Atmospheric and
Space Physics, University of Colorado, Boulder, CO 80309

During the span of the Viking Orbiter missions, several hundred emission-phase-function
(EPF) sequences were obtained, in which the IR-TM instrument observed the same area of surface
as the spacecraft moved overhead. The IRTM data set as a whole is well calibrated, having been
corrected for inter-spacecraft, inter-detector, and temporal calibration variations; a conservative
estimate for the absolute uncertainty inherent in this data set is 1-2% [1]. The EPF visual
brightness observations (passband of 0.3-3.0 pm , effective wavelength of 0.57 Hm ) present
very accurately calibrated albedos of a given region and the atmosphere above it versus emission
(and to a lesser extent, incidence) angle. Although these observations were designed for the
purposes of surface photometric studies, they are quite suitable for the derivation of atmospheric
dust opacities.

We have developed a radiative transfer model of the Mars atmosphere and surface based
upon a discrete-ordinates radiative transfer code [2]. Input parameters include the atmospheric
dust opacity, the single scattering albedo (6,) and particle phase function of the atmospheric dust,
and the surface bidirectional reflectance. A 16-stream approximation is adopted to adequately
represent the model dust and surface phase functions. The surface photometric function is
estimated from EPF sequences at low dust opacities and emission angles, where the effects of
scattering by atmospheric dust are minimized. The exact behavior of the bidirectional reflectance
at large emission angles and/or high dust loading is not critical since the contribution of
atmospheric dust scattering dominates the observed reflectance for these regions.

On the basis of an analysis of ~20 separate EPF sequences spanning low and high latitudes,
low and high dust opacities, and a wide range of L; we find evidence for three distinct aerosol
populations. In all three cases it is possible to model the dust scattering with a single dust phase
function labelled "IRTM" in figure 1. An empirical phase function representing scattering by
non-spherical particles was derived by Pollack et al. [3] to fit the Viking lander observations of
dust scattering, and is presented by the solid line in figure 1. The agreement between the "IRTM"
and Pollack phase functions is quite good; however the asymmetry factor, g, is 0.55-0.56 rather
than the value of 0.79 given by Pollack et al. [3]. A Henyey-Greenstein phase function with
£=0.79 is also included in figure 1 to indicate the very large large differences in particle back-
scattering implied by g=0.55 versus g=0.79.

We find three separate values of the single scattering albedo, @, corresponding to the three
aerosol populations. At low-to-mid latitudes for moderate dust opacities (t = 0.2-1.0), ©y=0.88
fits the EPF observations. Figures 2-4 present a subset of model-data comparisons for this case.
At high latitudes (70°-80°N) we find ®=1.0, indicating that ice clouds are the likely source of
particulate scattering. Figure 5b presents a model-data comparison for this case and a best fit
attempt with @=0.88 (figure 5a). The third aerosol population corresponds to very high dust
loading (T > 2), 1n which it is necessary to increase @ to 0.9-0.92 to fit the data with the "IRTM"
dust phase function. Figures 6a and 6b indicate model-data comparisons over Hellas basin in
which we attempt to fit the EPF data with &§,=0.88 and m3=0.92, respectively.

The primary differences between the EPF IRTM and Viking lander derived dust properties
are larger @ from the EPF analysis (0y=0.88 versus 0.86) and an increase in @ during the peak
of the dust storm as found in the EPF analysis (the Viking lander data indicate no such change, J.
Pollack, personal communication). It is possible that the distinction of looking from below with
lander data and looking from above with the IR-TM data may account for these differences. Finer
dust (higher @y and more backscattering) may be mixed to higher altitudes and may increase
during the peak of the dust storms (J. Bergstrahl, personal communication). The downward-
looking geometry of the EPF sequences would be more sensitive to a high-altitude, fine
component.

This research was supported under NASA Planetary Geology grant NAGW 1378.
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[1] Pleskot, L.K., and E.D. Miner (1981). Time variability of martian bolometric albedo.
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COLD POLAR DESERTS: WEATHERING RATES, MECHANISMS, AND IMPLICATIONS FOR REMOTE
SENSING OF MARS: Edward A. Cloutis, Department of Geology, University of Alberta, Edmonton, Alberta T6E 456

Introduction: Polar and alpine desert regions (coid deseris) offer the best terrestrial field analogues to weathering
conditions on Mars [1]. A suite of rock samples from the Northwest Territories in Canada has been spectrally characterized
in order to better understand the weathering processes prevalent in cold deserts and to examine the implications for remote
sensing of Mars. Since these samples have presumably been subaerially exposed only since the last period of glaciation, they
are useful for examining how relatively short-term physical and chemical weathering affect spectral properties.

The samples were collected from the Yellowknife Bay area (basalt) and Contwoyto Lake-Point Lake region in the
Slave Province. The samples include a basalt (JMP2), an iron formation (5PLJ00Y), a volcanoclastic (4PLI0O17), a schist
(5PLT001), and a granite (SPLJ001). Both weathered (exterior) and unweathered (interior) surface spectra of each sample
were measured. It is known that physical and chemical weathering operate at low rates in cold, dry deserts. The unique
environment of these regions affects the relative importance of different weathering processes [2]. The most common
alteration phenomona which have been amply documented are the formation of ferric iron oxides/hydroxides, as evidenced
by rust-colored staining on rock surfaces and in soils [3,4,5,6], and the formation of clays [3,7,8].

Results: Basalr: The weathered and unweathered surface spectra of a basalt are shown in Figure 1. The weathered
surface spectrum shows strong evidence of ferric iron at shorter wavelengths- an absorption edge near 0.53um, and two
broad absorption bands near 0.65 and 0.9um. The wavelength position of the latter band (70.88um) and its broadness are
consistent with multiple hydrated ferric species such as goethite, ferroxyhyte and ferrihydrite [9,10]. The interior surface
spectrum suggests a greater ferrous iron component and is similar to other unweathered basalt spectra [11,12]. At longer
wavelengths both spectra are similar. The various absorption bands can be assigned to clay lattice-OH absorption bands
involving both Mg and Al, as expected for a basalt. The presence of these bands in the interior surface spectrum indicates
that the interior has been slightly metamorphosed.

Iron Formation: Sample SPLIO09 is composed of magnetite, chert and siderite. The degree of visible weathering is
small enough so that the underlying banding is still visible. The weathered surface spectrum is again dominated by ferric
iron absorption features. The broad band mear 1.9um indicates that weathering has produced multiple hydrated species
and/or poorly-crystallized phases (Figure 2). The interior surface spectrum is dominated by siderite, which exhibits a broad
[absorption band between ~1.0 and “1.4um. However, the expected strong carbonate absorption bands at 2.35 and 2.56um
13] are absent.

Volcanoclastic: The weathered surface spectrum of a felsic-pyritic metatuff is again dominated by ferric iron bands
at shorter wavelengths (Figure 3). A broad pyrite absorption band expected near lum is not evident. The weakness of
various clay lattice-OH bands suggest that the formation of well-crystalized hydrated species has not been significant. The
interior spectrum shows almost no evidence for ferric iron absorption bands. The broad feature centered near 1.05um is
characteristic of ferrous iron and pyrite.

Schist: The weathered and unweathered surface spectra of a cordierite-biotite knotted schist differ markedly from
each other (Figure 4). In both cases there is a general lack of diagnostic absorption bands. The general reflectance rise
towards longer wavelengths and lack of well-defined absorption bands in the exterior spectrum suggests that weathering has
generated a number of poorly crystallized phases which absorb incident radiation over a range of energies, probably through
charge transfers.

Granite: Granite differs from the other samples in its general lack of iron-bearing minerals. This is reflected in the
lack of ferric iron absorption bands in the spectrum (Figure 5). Both the interior and exterior surface spectra show the
same types of long wavelength absorption bands, indicative of aluminum.

Discussion: In spite of the presumed low rate and duration of weathering which has presumably affected these
samples, exterior (weathered) and interior (unweathered) surfaces of the same sample vary from very similar (Figure 1) to
radically different (Figures 4 & 5). It is apparent that significant spectral changes can be effected by even the low
weathering rates prevalent in cold desert regions. The formation of ferric iron species results in the appearance of an
absorption edge near 0.53gm, a shoulder or band near 0.64um, and an absorption band near 0.9um [9,10]. These features
are most apparent in the most iron-rich samples such as basalt, iron formation and volcanoclastic. The reflectance spectra
amply confirm the physico-chemical and spectral importance of ferric iron oxide/hydroxide formation in cold deserts.

Aluminum- and magnesium-rich lithologies give rise to Al-OH and Mg-OH absorption bands respectively in
weathered surface spectra in cases where the absorption bands are resolvable. For example, the absorption bands present in
the exterior granite spectrum at 2,20, 2.32 and 2.35um can be assigned to Al-OH vibrations. There is no clear evidence for
an Mg-OH absorption band expected near 2.4ym. This is consistent with the aluminum-rich composition of the granite.

A general lack of well-defined absorption bands attributable to specific hydrated phases indicates that cold desert
weathering is generally not accompanied by the formation of well-crystallized phases, but that clay formation is nevertheless
an important process. The broadness of the ferric iron absorption bands also suggests that poorly-crystallized phases are
important, The formation of poorly-crystallized phases in cold deserts is consisient with interpretations of martian
telescopic spectra as indicating semi-amorphous or amorphous phases such as palagonite [14].

The spectral changes associated with cold desert weathering include variations in overall spectral slope, the
appearance/disappearance of absorption bands, shifts in absorption band minima wavelength positions, and changes in band
shapes and intensities. Dramatic spectral differences between interior and exterior surface spectra are present even when
weathered surfaces are thin enough so that underlying petrofabrics are still visible.

In spite of the small number of samples in the current suite, the data indicate that cold desert weathering of
carbonates may be sufficient to render them virtually indistinguishable. In addition, the oxidation of ferrous to ferric iron
proceeds regardiess of whether the iron is derived from silicates (basalt), oxides (iron formation), carbonates (iron
formation), or sulfides (volcanoclastic). It is clear that unweathered, interior rock sample spectra are gencrally not useful
for the interpretation of remote sensing data for targets such as Mars which are subject to subaerial weathering.
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Characteristics of the Martian Atmospheric Surface Layer; G.D.Clow (USGS, MS946, Menlo Park, CA
94025) and R.M.Haberle (NASA/Ames, Moffett Field, CA 94035)

We extend elements of various terrestrial boundary layer models to Mars in order to estimate sensible heat,
latent heat, and momentum fluxes within the martian atmospheric surface (‘constant flux") layer. The
atmospheric surface layer consists of an interfacial sublayer (#1) immediately adjacent to the ground and an
overlying fully turbulent surface sublayer (#2) where wind-shear production of turbulence dominates buoyancy
production. Within the interfacial sublayer, sensible and latent heat are transported by non-steady molecular
diffusion into small-scale eddies which intermittently burst through this zone. Both the thickness of the interfacial
sublayer and the characteristics of the turbulent eddies penetrating through it, depend on whether airflow is
aerodynamically smooth or aerodynamically rough, as determined by the Roughness Reynold’s number. Within
the overlying surface sublayer (#2), similarity theory can be used to express the mean vertical windspeed,
temperature, and water vapor profiles in terms of a single parameter, the Monin-Obukhov stability parameter.

To estimate the molecular viscosity and thermal conductivity of a CO,-H,O gas mixture under martian
conditions, parameterizations were developed using data from the TPRC Data Series [1] and the first-order
Chapman-Cowling expressions; the required collision integrals were approximated using the Lenard-Jones (12,6)
potential. Parameterizations for specific heat and binary diffusivity were also determined. The Prandtl and
Schmidt numbers derived from these thermophysical properties are found to range 0.78 - 1.0 and 0.47 - 0.70,
respectively, for Mars. Brutsaert’s model for sensible and latent heat transport within the interfacial sublayer
for both aerodynamically smooth and rough airflow has been experimentally tested under similar conditions [2],
validating its application to martian conditions. For the surface sublayer (#2), we modify the definition of the
Monin-Obukhov length to properly account for the buoyancy forces arising from water vapor gradients in the
martian atmospheric boundary layer. This length scale is then utilized with similarity-theory turbulent-flux
profiles with the same form as those used by Businger et al. [3] and others.

. We find that under most martian conditions, the interfacial and surface sublayers offer roughly comparable
resistance to sensible heat and water vapor transport and are thus both important in determining the associated
fluxes. Airflow over surfaces similar to terrestrial polar snow (surface roughness length z, approx. 0.03 cm) is
generally found to be aerodynamically smooth at low martian pressures (P <30 mb) but aerodynamically rough
at high pressures (P>300 mb); airflow at the Viking Lander sites is aerodynamically transitional under current
martian conditions. For aerodynamically smooth airflow, the thickness of the interfacial sublayer is found to be
up to 100 times thicker for Mars than is typical for the Earth. At low pressures (P<30 mb) and high
temperatures (T >250 K), buoyancy forces due to water vapor gradients can become so high on Mars that the
surface sublayer (#2) essentially disappears (the Monin-Obukhov length becomes comparable to the thickness
of the interfacial sublayer). At this point, the atmospheric boundary layer transitions to the "free convection”
regime [4]. Free convection sensible and latent heat fluxes are smaller than those for the case when the surface
sublayer (#2) is present. As expected, friction velocities w and the sensible,and latent heat fluxes are found to
be extremely sensitive to the Monin-Obukhov stability parameter for stable atmospheric conditions and mildly
sensitive for unstable conditions.

The ability to predict heat losses across an interfacial boundary layer and to predict the shapes of the
windspeed and temperature profiles in the atmospheric surface layer, should prove useful for estimating beat
losses from engineering structures deployed on the martian surface and for improving our understanding of water
vapor transfer rates from icy surfaces (such as the poles) to the atmosphere.

References: [1] Touloukian,Y.S. (1972) Thermophysical Properties of Matter: The TPRC Data Series, vol.3,6,11;
[2] Brutsaert,W. (1975) Water Resour. Res.,11,543-550; [3] Businger et al.(1971) J.Atmos.Sci.,28,181-189; [4]
Clow,G.D. and R.M.Haberle (1990) Lunar and Planet. Sci. XXI, in press.
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Free Convection in the Martian Atmosphere; G.D.Clow (USGS, MS946, Menlo Park, CA 94025) and
R.M.Haberle (NASA /Ames, Moffett Field, CA 94035)

We investigate the "free convective” regime for the martian atmospheric boundary layer (ABL). This state
occurs when the mean windspeed at the top of the ABL drops below some critical value U, and positive buoyant
forces are present. Such forces can arise either from vertical temperature or water vapor gradients across the
atmospheric surface layer. During free convection, buoyant forces drive narrow plumes that ascend to the
inversion height with a return circulation consisting of broad slower-moving downdraughts. Horizontal pressure,
temperature, windspeed, and water vapor fluctuations resulting from this circulation pattern can be quite large
adjacent to the ground (within the surface layer). These local turbulent fluctuations cause non-zero mean
surface stresses, sensible heat fluxes, and latent heat fluxes, even when the mean regional windspeed is zero.
Although motions above the surface layer are insensitive to the nature of the surface, the sensible and latent heat
fluxes are primarily controlled by processes within the interfacial sublayer immediately adjacent to the ground
during free convection. Thus the distinction between aerodynamically smooth and rough airflow within the
interfacial sublayer is more important than for the more typical situation where the mean regional windspeed
is greater than U,. Buoyant forces associated with water vapor gradients are particularly large on Mars at low
pressures (P <30 mb) and high temperatures (T>250 K) when the surface’s relative humidity is 100%, enhancing
the likelihood of free convection under these conditions. On this basis, Ingersol [1] postulated the evaporative
heat losses from an icy surface on Mars at 273 K and current pressures would exceed the available net radiative
flux at the surface, thus prohibiting ice from melting at low atmospheric pressures.

Recently, Schumann [2] has developed equations describing the horizontal fluctuations and mean vertical
gradients occurring during free convection. However, his model is limited to the case where free convection is
driven solely by thermal buoyancy and the surface is aerodynamically rough. Within these restrictions, model
results compare very well with those of a detailed large-eddy simulation (LES) which in turn generally agree with
available atmospheric observations [3]. Despite large horizontal wind velocities associated with the updraughts,
the LES demonstrates that the time-derivatives for horizontal motion in the surface layer are small, validating
the use of Monin-Obukhov theory in the model.

We have generalized Schumann’s model to include convection driven by water vapor gradients and to include
the effects of circulation above both aerodynamically smooth and rough surfaces. Applying the model to Mars,
we find that nearly all the resistance to sensible and latent heat transfer in the ABL occurs within the thin
interfacial sublayer at the surface. Free convection is found to readily occur at low pressures and high
temperatures when surface ice is present. At 7 mb, the ABL should freely convect whenever the mean windspeed
at the top of the surface layer drops below about 2.5 m s’ and surface temperatures exceed 250 K. Mean
horizontal fluctuations within the surface layer are found to be as high as 3 m s* for windspeed, 0.5 K for
temperature, and 10* kg m* for water vapor density. Airflow over surfaces similar to the Antarctic Polar Plateau
(surface roughness length z approx. 0.03 cm) is found to be acrodynamically smooth on Mars during free
convection for all pressures between 6 and 1000 mb while surfaces with z) =1 cm are aerodynamically rough over
this pressure range.

Free convective latent-heat fluxes are of particular interest because they establish the minimum evaporative
heat losses that will occur for an icy surface at a given temperature. Fig.1 shows the predicted latent heat fluxes
during free convection for the limiting case where the ABL is isothermal and the surface temperature is 273 K.
For a surface resembling average terrestrial polar snows (curve A), our predicted fluxes are a factor of 4 smaller
than those given by Eq.(1) of Ingersol [1], making it proportionally easier to melt ice on Mars. Fig.2 shows the
albedo required for the net radiative flux at the surface to just balance the predicted latent heat losses at 273 K
at the time of maximum incoming solar radiation. The lowest albedo that can be achieved for martian ice
surfaces is about 0.2 [4]. Hence, atmospheric pressures need to be at least 100 mb at the poles and about 6 mb
at the equator before ice can melt under the best of conditions.
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FREE CONVECTION: G.D.Clow and R.M.Haberle

References: [1] Ingersol,A.P. (1970) Science, 168, 972-973; [2] Schumann,U. (1988) Boundary-Layer Meteorol.,
44, 311-326; [3] Schmidt,H. and U.Schumann (1989) J.Fluid Mech., 200, 511-562; [4] Clow,G.D. (1987) Icarus,
72, 95-127.
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THERMOKARSTIC DEPRESSIONS AT THE MOUTH OF ELYSIUM CHANNELS
(MARS): NEW EVIDENCE FOR THE PRESENCE OF MASSIVE ICY BEDS.

F.M. COSTARD, Laboratoire de Géographie Physique URA DO141,
CNRS, 92195 Meudon Cédex, France.

The analysis of very high resolution V1k1nq pictures (12 m/pixel) in Utopia Planitia
indicates a concentration of thousand of depressions at the pouth of Elysium channels. Their
spatial distribution concern an area of 220.000 km’ between 237°W to 271°W and 41'N to 50°N.
These depressions are 130 m to 3 km in length and 20 m to 45 m in depth and occupy a regional
depression whose floor altitud is -2 km (fig. 1). The occurrence in the same area of very high
density fluidized ejecta craters implies the presence of a continuous and subsurface ground-ice
(1) probably in thick sediment deposits (2, 3, 4). The purpose of this study is to compare these
depressions with thermokarstic features of Yakutla (Siberia). An eolian origin would produce
elongated shapes and not circular depressmns as they are actually observed. A kettle hypothesis
is also unlikely because of the lack of moraine like ridges in the vicinity.

a) Circular depressions:

These depressions are the most numerous. They are similar in size and form to thermokarstic
depressions (alases) of terrestrial Arctic regions (fig. 2). In Yakutia, alases are well
developped in presence of massive icy beds which can be as much as 2 ke in length and 40 = in
tluckness (5). On Mars, the occurrence of alases implies a near surface ground-ice which contains
massive icy beds (6). A change in the thermal balance of ground-ice, during a warwer climate or a
geothermal heating, would produced melting or sublimation of the ice with an extensive alas
development.

b) Annular depressions:

In the same area, a few tens of fluidized ejecta craters exhibit an annular moat at the edge of
the ejecta blanket. The complete evolution of these annular wmoats since their formations umtil
their complete developments will be retraced. A thermokarstic origin is also proposed. Just after

the forlatlon of the ejecta lobe, a post-deposmon fluid flow produced a concentration of
volatiles in the edge of the e]ecta lobe (fig. 3-B). Such a wmechanise is attested by the
occurence of channels on some ejecta blankets (fig. 3-A) as advocated by Nouglms-l(ark (7). Under

the cold climate conditions of planet Mars, freezing of water involved a wmodification of the
porous structure of ground-lce Its subsequent melting produced individual alases (fig. 3-C)
where slope retreats resulted in a progressive widening around the ejecta lobe (fig. 3-D, E).
Finally their intersection produces a complete annular moat (fig. 3-F).

Stratified deposits.
As advocated by Iimbelman et al. (8), Utopia Planitia seems to be covered by a stratified

deposit. The deepest alases reveal an horizontal deposit with three or four layers. In many
places, the layers exhibit a trangresswe overlap over a distance of 2 km (fig. 4). Such
observations involve a stratification of sediments during different episods of channeling and
sedimentation with a kind of cross-bedding. Such an apparent stratification on the alas slopes is

not consistent with a collapse process. It is supposed that an aeolian erosional process right
reveals locally that stratification after the thermokarst episod. The reduced energy regime at
the mouth of Elysium channels By have involved a preferential accumulation of fine grained
deposit easily removable by an eolian process. Under a cold climate condition, such sediments
might have contained considerable amounts of ice (massive icy beds, ice segregations) which
favored intense development of thermokarst features.

Conclusion: The occurence of such circular and annular thermokarstic depressxons at the mouth of
outflow channels supports the presence of a volatile-rich fluvial sediments which contain major
amount of massive icy beds.

This work was supported by INSU (ATP de Planétologie) n’876714.
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RATIONALE FOR A MARS ROVER/SAMPLE RETURN MISSION TO CHRYSE
PLANITIA AND THE VIKING 1 IANDER; Robert A. Craddock, Center for Earth and
Planetary Studies, National Air and Space Museum, Smithsonian Institution,
Washington, DC 20560

As a precursor to a sample return mission and/or manned mission to
Mars, landing sites that are both safe and scientifically interesting must
be determined. Potential sites could ultimately affect spacecraft design
and development and determine the range of scientific objectives possible.
The earlier potential sites are selected, the more cost and time efficient
mission plamning and operations will be. However, Mars has as much land
surface area as the continental crust of the Earth and exhibits a wide
variety of geologic processes and features thus making site selection an
arduous task.

So why go back to Chryse Planitia, an area previocusly explored by the
Viking 1 Iander? One of the best reasons is that we have already been
there. Viking 1 landed successfully, proving that it is safe and providing
us with valuable ground-truth abservations of the martian surface. For
example, Viking ILander 1 data have provided information useful in determing
the physical properties of the martian surface materials [e.g., 1].
Observations such as these will undoubtingly be incorporated into any
future spacecraft design—no matter where the designated landing site is
located. In addition, Chryse Planitia still represents one of the lowest
spots on the surface of Mars (>2 km below mean Mars datum; 2), providing
more atmosphere to slow down a landing vehicle. Its equatorial location
(~20° N lat.) allows cantact with both polar and equatorial orbiting
spacecraft along with direct line-of-site communications with the Earth, an
added borus when sending commands to a moving vehicle. The extensive
photographic coverage of Chryse Planitia by the Viking Orbiters and
Earth-based radar observations have provided 100 m resolution topography in
the vicinity of the Viking 1 lander [e.g., 2]. Analysis of these data and
lander photographs indicate that Chryse Planitia may be unique in that
features >50 km away from the lander (such as the rims of Lexington and
Yorktown craters) are visible over the horizon [3]). This information could
potentially provide a valuable check for determining the location of the
spacecraft on the surface and aid in roving vehicle navigation.

Ideally a landing site should include access to as many different
geologic units as possible. In addition to the materials debouched into
theduysebasmbythelargemartlanduamelcanplex [e.g., 4], the
Hesperian age ridged plains covering much of region [5] may represent the
single most important geologic unit needed for age-dating materials on
Mars. Composing ~3% of the total Mars surface area [6], the ridged plains
are fairly widespread in comparison to other geologic units and, more
importantly, are the Hesperian epoch referent [7]. Because the Hesperian
epoch represents the interval of time immediately following the period of
heavy bambardment (~3.8 Ga; 8), an absolute age determined from a ridged
plain sample would allow estimates of the post-heavy bombardment impact
flux on Mars to be calibrated. It may then be possible to determine the
absolute ages of every younger geologic unit on Mars based on crater
statistics. In addition, materials washed down from the highlands may be
present in the vicinity of Iander 1. Although the absolute ages of these
natenalsahrostcertamlycorrespordtomepanodofheavybmnbardnerm
analysis of their composition could provide some insight into the early
geologic history of Mars. Also the distribution of the materials in Chyrse
Planitia as determined by a manned or ummanned traverse may be indicative
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of the channel formation mechanism. For example, catastrophic flooding
would lead to a Bouma sequence deposit in the Chryse basin [9]; in
liquefaction, an accretionary lcbe in the debouching area results in larger
particles dropping out first with smaller particles being transported
greater distances [10].

Because of the likelihood of running water debouching into Chyrse
Planitia in the past, the Viking 1 landing site was considered an ideal
place to look for camplex organic molecules [11]. Although the Viking
biological experiments did not identify the presence of organic life [12],
controversy still exists as to the meaning of the Label Release Experiment
[13]. Knowing the position of Viking 1 on the surface to within 50 m [14],
it would be possible to navigate to the landing site and cbtain the same
soil samples investigated by the lander. Rocks seen in lander images could
also be returned to Earth, answering questions concerning their
campositional and erosional properties. A piece or pieces of Iander 1
itself could be cbtained! Especially easy to recover is the small latch
pin released when the lander sampler shroud was jettisoned. This 8.2 cm
long and 0.6 cm diameter pin fell within 1 m of the lander, weighs 11.3 g,
and has been exposed to the martian enviromment for a known period of
time. No special tools would be needed to cbtain the latch pin, and
analysis upon return to earth would provide erosicn rates and other
information useful in understanding geologic processes. In situ erosional
analysis of lander 1 itself could also have implications on the development
of future martian spacecraft materials. In addition, it may be possible to
navigate from the lander to the crater caused by the jettisoned Viking
aeroshell. Ejecta from this fresh crater would represent Chryse
stratigraphy at depth, providing a possible alternative if a drill sample
is determined impractical for the early sample retwrn missions. Yorktown,
a 7.9-km-diameter "rampart" [15] or "fluidized ejecta" crater [16], is ~45
km northwest of the Viking 1 landing site as well. Samples of the ejecta
from Yorktown could determine how much volatile material is involved in
rampart crater formation [e.g., 15], if any at all [17]. Following the
Xanthe Dorsa ridge north for ~34 km from the Viking 1 Lander to the crater
San Juan, Yorktown is ~22 km to the west. 2n active seismic or sounder
experiment operated along the Xanthe Dorsa ridge traverse could provide
clues to the ridge structure and the underlying Chryse basin stratigraphy.
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U.S. Goverrment Printing Office, Washington, 1987. [2] U.S.G.S. Misc.
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Zimbleman, Iumar Planet. Sci., XX, 193-194, 1989. [4] Greeley, R., et al.,
J. Geophys. Res., 82, 4093-4109, 1977. [5] Scott, D.H. ard K.L. Tanaka,
U.S. Geol. Surv. Misc. Invest. Series Map I-1802A, U.S. Geol. Surv.,
Denver, CO, 1986. [6] Watters, T.R., Abstracts for the MEVIV-IPI Workshop:
Early Tectonic and Volcanic Evolution of Mars, 63-65, 1988. [7] Tanaka,
K.L., J. Geophys. Res., 91, E139-E158, 1986. {8] Hartmamn, W.K., et al., In
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4680, 1977. [13] Levin, G.V. and P.A. Straat, J. Geophys. Res., 82, 4663-
4667, 1977. [14] Morris, E.C. and K.L. Jones, Icarus, 44, 217-222, 1980.
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Mouginis-Mark, P.J., J. Geophys. Res., 84, 8011-8022, 1979. [17] Schultz,
R.A. and D.E. Gault, Third International Colloquium on Mars, 226-228, 1981.
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EVIDENCE FOR WIDESPREAD RESURFACING IN THE MARTIAN HIGHIANDS;
Robert A. Craddock and Ted A. Maxwell, Center for Earth and Planetary
Studies, National Air and Space Museum, Smithsonian Institution,
Washington, DC 20560

The southern cratered highlands of Mars contain a large population of
flat-floored, rimless craters which occur on a variety of Noachian
geologic materials. Previously these craters have been interpreted to
have formed by aeolian mantling [1] or flood volcanism [2]; however,
neither of these geologic processes accurately explains the cbserved
morphology or the crater statistics. Determining the distribution of the
flat-floored, rimless craters, the timing of the process responsible for
their formation, and the ac‘b.:al process involved in their formation is
important for understanding the geomorphic evolution of most of the
southern cratered hemisphere of Mars. Our initial investigation
concentrated on the analysis of the Amenthes and Tyrrhena regions near the
dichotomy boundary [3,4,5]. Currently we have begun investigations into
other areas including Mare Australe, Eridania, Arabia, Noachis, and
Memnonia.

The geologic analysis of these regions was based on the published
1:15M geologic maps of Mars and was limited to two materials: the Noachian
cratered unit (Npl,; 6) and the Noachian dissected unit (Npld; 6).
Although flat—floored rimless craters occur on other Noachian geologic
materials as well, the interpretations of these units [7,8,9] includes
resurfacing by processes we feel are separable from a larger, more
extensive process. The Noachian cratered unit (Npl,) and the Noachian
dissected unit (Npld) are distinguished by the absence or presence of
ancient valley networks (i.e., runoff chamnels), respectively [6].
Togethertl'metmltsmakeupabulk (~70%) of the surface area of the
southern cratered

The termination of the resurfacmg event represented by the
camulative size-frequency curves of superposed, fresh craters was not a
catastrophic, global event (Fn.g l). Resurfacmg ceased during the late
Noachian to early Hespenan in the regions analyzed. In general,
resurfacing ceased in the Npld materials later than in the Npl,
materials, suggesting that the ancient valley networks represent the late
stages or a change in the resurfacing process. These cbservations
correlate well with other work suggesting that the ancient valley networks
ceased to form by the early Hesperian [6].

A proposed mechanism responsible for martian highland resurfacing
must be able to explain not only the morphology of the flat-floored,
rimless, craters, butalsothetmmgofthepmsbetweenmglonsand
the bendover in crater size-frequency distribution curves of highland
materials [e.g., 5] as well. Although a bulk of the cratered highlands
may be composed of volcanics [e.g., 10], volcanism does not produce
flat~-floored, rimless craters except in very rare circumstances. Aeolian
erosion/deposition is also a very active process cn Mars as evidenced by
the seasonal dust storms and a variety of landforms [e.g., 11); however,
unlike what has been suggested by Wilhelms and Baldwin (1) aeolian fallout
would not only be deposited up to the rim crest of craters but on the rims
of craters as well. The result is not to produce a flat-floored, rimless
crater, but to subdue the morphology of the crater. Volcanic and aeolian
rasurfacmg do not produce a bendover in the cumilative 51ze-frequency
curves either. In both processes a crater is either buried, or it is not,
in which case it is still counted. Weproposeafluv:.alprocesscapable
of ercding the rims of the craters primarily from the cutside, thus
reducing the apparent diameter of the craters. The eroded material is
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redistributed, immndating the smaller craters before they are eroded
completely. Such a complicated process not only explains the morphology
of the flat-floored, rimless craters, but also the bendover in the
cumilative size-fregquency curves and potentially the timing of the process
between regions.
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Figure 1. Timing of resurfacing in the areas mentioned in text. N(5)

ages represent the mumber of craters >5-km—diameter per million square
kilometers. Solid lines represent age of material based on all craters.
Dashed lines represent termination of resurfacing event based on fresh,

superposed craters.
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GEOIDGICI-HS‘IOHOF'IHES(IJ’IHERNREA OF MANGAIA VAILILES,
, James R. Zimbelman™, and Ronald
eygnbﬁnter for Earth and Planetary Studles, National Air and
gpace Museum, Smithscnian Institution, Washington, DC 20560,
Department of Geology, Arizona State University, Tempe, AZ 85287

Mangala Valles is unique in that unlike the other large martian
outflow channels it does not originate from chactic terrain, nor does it
debouch into a basin such as Chryse Planitia. Deriving the geologic
history of Mangala Valles is important for determining the cause of
postulated subsurface volatile release and understarding the reasons for
martian chammel formation. Analysis of Mariner and Viking images and
Earth-based radar topography in the Mangala Valles/Memnonia region of Mars
as part of the Mars Geologic Mapping program has identified several
important steps in the history of Mangala Valles.

As evidenced by the orientation of Imbrium Sculpture-like groves and
the circular occurrence of massifs and faults, a 6400-km-diameter, early

" Noachian basin has been identified in the center of Daedalia Plarmum [1],

confirming cbservations made by Earth-based radar data [2]. In the
Memmonia region, the Daedalia basin caused an eastern slope to the
topography and uplifted an arc of highland material, which define an imner
ring ("m/r" in Fig. 1). Subsequent radial faulting camposing the Memnonia
Fossae and associated with the formation of the Tharsis Montes [3]
intersected this imner ring, possibly forming conduits for the migration
of subsurface volcanic material. We suggest that same the volcanic
material extruded to the surface and flowed along the eastern side of the
massif ("1f" in Fig. 1). Although the vent for these materials is
probably buried, a possible source is the circular depression located
along the margin of the ring massif (Fig. 2; "o" in Fig. 1). With time
the volcanic heat source also melted a sufficient portion of the volatile
resevoir frozen in the eastward sloping highlands, thus allowing a
hydrostatic head to develope Volatiles were released along the cracked
tips of en echelon Memncnia Fossae at =-18.5°, 149.4° ("x" in Fig. 1).
Evacuation of the volcanic material may have also caused rotation of part
of the massif (see dashed block in Fig. 1) and induced release of the
volatiles under a hydrostatic head at the present source area of Mangala
Valles.

Initial flooding associated with the formation of Mangala Valles
seems to have been widespread during the late Hesperian. Volatiles
partially filled the large crater cross-cut by the source graben [4] and
were porded in the depression adjacent to the massif (Fig. 2). The
volatiles ponded by the massif depression may have percolated through the
material underlying the lava flow ("1f"), causing sapping and back-wasting
along the flow margin (arrows in Fig. 1). Radar-derived topography
indicates that southern Mangala Valles has an average gradient of .00l
[5], which is camparable to active rivers at similar distances from their
sources [6]. This suggests that fluvial activity at Mangala Valles may
have been sufficiently longlived to produce a graded profile, while
becaming more localized with time. Analysis of available photographs and
crater size-frequency data fraom the Daedalia Plamm plains east of the
massif suggest that Amazonian volcanic material may have extruded through
an extension of the Mangala Valles source graben ("1£," in Fig. 1).

These materials may represent the termination of volca.mc activity in the
area and associated channel flooding since they appear to post-date the
chammel materials [7].
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Figure 1 (left). Schematic diagram of
features visible in Fig. 2. Stippled
pattern represents Mangala Valles
channel materials.

Figure 2 (below). Stereoscopic pair
showing features discussed in text.
Viking orbiter frames 637282 (left) and
639A11 (richt). (Stereoscopic viewers
can be found in NASA SP-441 or NASA
SP-445.)
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STYLES OF VOLCANISM, TECTONIC ASSOCIATIONS, AND EVIDENCE
FOR MAGMA-WATER INTERACTIONS IN EASTERN HELLAS, MARS
David A. Crown and Ronald Greeley, Department of Geology, Arizona State University,
Tempe, Arizona 85287

Four of the martian highland paterae (low-relief, areally-extensive features with central
calderas and radial channels and ridges [1,2]) are associated with inferred rings of the Hellas basin
[3,4] (Figure 1). Their morphometry [5] and the erosional characteristics of Tyrrhena Patera [2]
have been used as evidence that they are composed of ash. Analyses of the energetics of eruption
and flow processes have shown that the distribution of units at Hadriaca and Tyrrhena Paterae is
consistent with an origin by the emplacement of gravity-driven pyroclastic flows and that explosive
eruptions driven by magmatic volatiles or groundwater could provide sufficient energy [6-9]. The
supply of groundwater for hydromagmatic eruptions has been considered; large volumes of water
could accumulate rapidly at flow rates determined for Mars [7,10-11]. The present investigation
synthesizes the previous studies of Tyrrhena Patera and results of modeling martian volcanic
processes with current photogeologic investigations of the Hadriaca Patera region [6,12] in order
to examine the evolution of volcanism in the eastern Hellas region.

In eastern Hellas, Hadriaca and Tyrrhena Paterae are observed in association with the ridged
plains of Hesperia Planum. Zones of weakness generated by the Hellas impact event may have
produced conduits for the magmas forming these deposits [4]. The structure of Hellas has clearly
influenced the shapes of the paterae, which are elongated downslope toward the basin, as well as
the positions of the volcanic source vents. The orientations of 243 ridges have been mapped in the
Hadriaca [260-275° W, 27.5-42.5° S] and Tyrrhena [247.5-265° W, 15-30° S] regions. The 219
ridges contained within volcanic units have a wide range of orientations but exhibit trends which
approximate radial (NE-SW) and concentric (NW-SE) patterns to Hellas. Although orthogonal
and parallel alignments between ridges and the regional slope and lava flow directions in the flank
flow unit at Tyrrhena are also observed, basin-related tectonism is considered the primary factor
governing ridge orientation because the regional slope is a consequence of the basin and has
controlled the emplacement of the volcanic units. The NE-SW and NW-SE ridge orientations
measured agree with previously documented trends for Hesperia Planum [13] and indicate the
effects of the Hellas impact event over a wide region of the southern highlands and the persistence
of the tectonic signature of the basin over geologic time.

Photogeologic studies indicate that Tyrrhena Patera consists of basal and summit shield units,
the surfaces of which contain channels radiating from the summit caldera region [6-7,12].
Layering is observed in these units, the distal margins of which are highly dissected and form
isolated erosional remnant mesas. The large flank flow unit composed of well-defined lava flow
lobes and leveed channels, the first definitive evidence for effusive volcanic activity associated with
the paterae, extends from near the summit of Tyrrhena for over 1000 km to the SW adjacent to
Hadriaca. Hadriaca Patera also exhibits channeled flanks, although the channels are smaller and
more closely spaced. Multiple layers and erosional remnants are also observed. The morphologies
of these volcanoes suggest that their surfaces have been modified by fluvial erosion (sapping?),
and these erosional characteristics in combination with similar morphometry to large terrestrial ash
sheets [5] and the absence of primary lava flow features (except in the flank flow unit) suggest that
the highland paterae are composed primarily of ash [6,7].

Cross-cutting relationships determined from geologic mapping of eastern Hellas indicate that
the ridged plains of western Hesperia Planum and the flank flow unit at Tyrrhena Patera are
younger than the basal and summit shield units [7,12], suggesting a transition from explosive to
effusive volcanism. The erosion of the flanks of Hadriaca pre-dates the erosion of the channeled
plains to the south. The erosion on the plains (presumably by runoff) and the eventual formation
of the Dao Vallis outflow system continues through the formation of the flank flow. Thus, the
erosional processes affecting Hadriaca and Tyrrhena Paterae and the plains were probably active, at
least in some areas, after the emplacement of the flank flow. This relationship supports the
interpretation of the dissected units at Hadriaca and Tyrrhena as ash rather than eroded lavas
because the flank flow unit should have been subjected to similar degradational processes, at least
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in the south near Hadriaca. The presence of volatile-rich surface materials in the region is strongly
supported by the morphologies of the channeled plains and Dao Vallis [6,11]. In addition, debris
flows and pitted plains associated with Noachian mountains near Harmahkis Vallis illustrate the
influence of near-surface volatiles. The transition from explosive to effusive volcanism (from the
low shields of the paterae to the flank flow unit and the ridged plains of Hesperia Planum) can be
interpreted as the result of the cessation of magma-volatile interactions. Groundwater could have
been concentrated by the topography of Hellas and would have moved easily in the fractured
highland crust. The interpretation of the caldera-filling materials at the paterae as late-stage lavas
[7] is consistent with this scenario, as the rising magma could eventually seal the conduit from
further inflow by water [14]. In addition, as the volcanoes increased in size, water would tend to
flow away from the structures, and even if contact occurred beneath the surface, explosive
eruptions could be suppressed by the increasing weight of the volcano. Explosive eruptions at
Tyrrhena would have ceased first due to its distance from Hellas.

The style of eruptive activity in eastern Hellas has implications for the general evolution of
martian volcanism. If magmatic eruptions generated the pyroclastic flows forming the paterae, this
suggests an evolution in magma types from Hesperian to Amazonian time, when the Tharsis and
Elysium volcanics formed, and/or the existence of spatial heterogeneities in the mantle from which
the magmas were derived. Hydromagmatic origins for the paterae imply an evolution from
volatile-rich to volatile-poor eras in the near-surface environment of Mars, in accordance with
proposed global climatic changes [15]. While the observed morphologies and the energetics of
explosive eruptions are consistent with both magmatic and hydromagmatic origins of Hadriaca and
Tyrrhena Paterae, consideration of the regional geologic setting supports the role of magma-volatile
interactions in the volcanism of the eastern Hellas region.
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Planet. Sci. Conf., 9th, 3411-3432. [4] Schultz, P.H., 1984, Lunar Planet. Sci. Conf., XV, 728-729. [5] Pike, R.J,,
1978, Proc. Lunar Planet. Sci. Conf., 9th, 3239-3273. [6] Crown, D.A. and R. Greeley, 1990, in MEVIV Workshop
on the Evolution of Magma Bodies on Mars, LPL, in press. [7] Greeley, R. and D.A. Crown, 1990, J. Geophys.
Res., in press. [8] Crown, D.A. et al., 1988, Lunar Planet. Sci. Conf., XIX, 229-230. [9] Crown, D.A. and R.
Greeley, 1988, LPI Technical Report 89-04, 29-31. {10] Cam, M.H., 1979, J. Geophys. Res., 84, 2995-3007. [11]
Squyres, S.W. et al., 1987, Icarus, 70, 385-408. [12] Crown, D.A. et al,, 1990, this issue. [13] Waiters, T.R. and
D.J. Chadwick, 1989, LPI Technical Report 89-06, 68-69. [14] Sheridan, M.F. and K.H. Wohletz, 1983, J. Voicanol.
Geotherm. Res., 17, 1-29. [15] Clifford, S.M. et al., 1988, EOS (Trans. Amer. Geophys. Union), 69, 1595-1596.
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EVOLUTION OF THE EAST RIM OF THE HELLAS BASIN, MARS
David A. Crown, Katherine H. Price*, and Ronald Greeley, Department of Geology,
Arizona State University, Tempe, Arizona 85287; *Department of Geology & Geography,
DePauw University, Greencastle, Indiana 46135

The Hellas basin, an ~2000 km impact structure with possible rings extending 4260 km in
diameter [1], is a dominant feature in the ancient, southern cratered highlands of Mars. Impact
basin control of volcanism and tectonism is evident on the Moon [2], and relationships between
martian basins and surface processes have been identified [3-4]. The east rim of Hellas is a
complex geologic region affected by volcanism, tectonism, and channeling. Remnants of an
extensive mantling deposit and smooth deposits filling craters may be indicative of widespread
aeolian activity, presumably related to the dust storms originating in the Hellas region [5]. A
detailed study of the area between 27.5 - 42.4°S and 260 - 275°W has been initiated to analyze
the processes forming surface materials and to decipher the evolution of this geologically important
highland area (Figure 1). Major units include Hesperian volcanics associated with Hadriaca and
Tyrrhena Paterae in the N and Hesperian and Amazonian channeled plains and outflow channels in
the S. Remnants of Noachian mountains and plateaus are found throughout the region [6].

Hadriaca and Tyrrhena Paterae are low relief volcanoes thought to lie on inferred rings of
Hellas [1]. The asymmetry exhibited by both volcanoes reflects the regional slope [7] caused by
the topography of the basin. Materials associated with Hadriaca (Hvf) are interpreted to be ash
deposits on the basis of their erosional characteristics, the low relief of the volcano, and the
absence of primary lava flow features [8]. The distribution of units at both Hadriaca Patera and
Tyrrhena Patera (located NE of the study area) are consistent with an origin by the emplacement of
gravity-driven pyroclastic flows [8-11]. A large flank flow (Hff) containing lava flow lobes and
leveed channels extends from Tyrrhena to the SW adjacent to Hadriaca Patera.

Dao and Harmakhis Valles have lengths >500 km and trend ~S45W. Outflow channel
deposits have been subdivided into 3 facies: AHchj, irregular materials forming channel floors,
associated with channel walls, or forming dissected, low-lying regions connecting channel
deposits; AHchy, smooth, featureless deposits forming channel floors; and AHchs, materials with
linear to curvilinear features parallel to channel margins. AHch; materials are interpreted to be
remnants of the plains in which the outflow channels formed and occur as sections of incompletely
collapsed, dissected plains or as hummocky mounds and blocks on channel floors or slumped
from channel walls. AHch, materials are smooth channel floors resulting from uniform removal of
materials or uniform collapse. AHch3 deposits indicate fluvial modification. These facies suggest
that water flowed in part of the channels following dissection and collapse. Surrounding the
channels in the S part of the mapped area is the channeled plains rim unit (AHhs). Cross-cutting
relationships N of Dao Vallis indicate that the channeling pre- and post-dates collapse.

Based upon photogeologic mapping the geologic history of the east rim of Hellas has been
derived. Uplift of Noachian mountainous (Nm) and plateau (Npld, Nh;) materials occurred in
association with the Hellas impact event. The locations of mountains identify possible basin rings,
which may have produced zones of weakness providing access to the surface for the magmas
forming Hadriaca and Tyrrhena Paterae in Hesperian time. Erosion by runoff and/or sapping
modified the plains and flanks of the volcanoes, followed by the formation of Dao and Harmakhis
Valles. The presence of volatile-rich surface materials and possible fluvial or periglacial activity is
suggested by the deflation and collapse of the channel deposits [12], the style of erosion of the
channeled plains, and the debris aprons (AHda) and pitted materials (AHpp) observed in
association with the older units. The origin and extent of the mantling deposit in the S and the role
of aeolian processes are current topics of investigation. Crater counts will further constrain the
temporal relationships observed.

References: [1] Peterson, J.E., 1978, Proc. Lunar Planet. Sci. Conf., 9th, 3411-3432. [2] Solomon, S.C. and
J.W. Head, 1980, Rev. Geophys. Space Phys., 18, 107-141. [3] Schultz, P.H. et al., 1982, Lunar Planet. Sci. Conf.,
XIlI, 700-701. (4] Schultz, P.H., 1984, Lunar Planet. Sci. Conf., XV, 728-729. [5] Zurek, R.W., 1982, Icarus, 50,
288-310. [6] Greeley, R. and L.E. Guest, 1987, U.S. Geol. Survey Misc. Inv. Series Map 1-1802B. [7] U.S.G.S.,
1987, Topographic Map of Mars-Eastern Region, 1:15M. [8] Crown, D.A. and R. Greeley, 1990, in MEVTV
Workshop on the Evolution of Magma Bodies on Mars, LPIL, in press. [9] Crown, D.A. and R. Greeley, 1988, LPJ
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CALCULATION OF MARTIAN GAMMA RAY SPECTRA: G. Dagge, P. Dragovitsch,
D. Filges, KfA Jiilich, Institut fiir Kernphysik.D-5170 Jiilich, Germany, J. Briickner, Max-
Planck-Institut fiir Chemic, Abteilung Kosmochemic,D-6500 Mainz, Germany

Gamma ray spectra from planetary surfaces provide a tool for the investigation of the che-
mical composition of the planet’s surface. Galactic cosmic rays (GCR) penetrate the upper
few meters of the soil producing a cascade of hadronic particles and gamnma rays. Gamma
rays from inelastic neutron scattering or neutron capture are a characteristical fingerprint of
the target nucleus, whereas several other gamrma ray sources make up a background spec-
trum. The gamma ray spectrum from a planetary surface thus contains information about
the chemical composition of the surface naterial. The portion of the gamma ray flux trans-
ported back through the soil and the atmosphere can be detected from an orbiting spacecraft.
Planetary gamma ray spectroscopy can be applied for a chemical mapping of planets with
a sufficiently thin atmosphere like Mars, as planned for the Mars Observer Mission (launch
scheduled for 1992).

In order to extract information about the Martian surface composition from measured
gamma ray spectra simulations of the GCR-irradiation have to be performed. This has
to be done for all subsequent processes and for a variety of material compositions and
structures (1). The HERMES code system (2) allows a calenlation of the complete gamma
ray spectrum starting from a realistic GCR-proton (and alpha) spectrum, the supposed
material composition and basic nucleon-nucleon cross sections together with cross section
data for a coupled n-v transport calculation. Therefore, modeled particle flux profiles which
are often not adequate for the particular case under consideration can be circumvented.
Furthermore, practically no restrictions concerning the geometry or material are imposed on
the calculations.

The HERMES system is basically used for shower calculations of calorimeters and
has proved its reliability for a large number of quite cifferent applications. The analog
Monte-Carlo code system consists of the four physics modules HETC/KFA-2, MORSE-CG,
NDEM, and EGS-4 coupled together with a common geometry input. Particles which can
not be treated by one module are stored and can be passed over to another module without
loosing information about Iocation, direction or energy. Calculations can be performed for
an arbitrary 3D-geometric setup.

For a simulation of a GCR-irradiated planetary surface a proton (and alpha) source
with a realistic energy distribution up to 10 GeV (40 GeV) which provides a 27 irradiation
of an infinite disk is used. Since most experimental data are available from Moon, the
calculational procedure was developed and tested (3.4) for this bocly. For the lunar case,
the resulting hadronic flux profiles can be checked by calculating several production rates of
nuclei such as ¥Mn or %Co. The agrecment with experimental data is excellent (Fig. 1),
which is essential for a subsequent simulation of gamma ray spectra.

For a Martian surface mapping, various gamma ray sources have to be considered.
Gamma rays from (n,n'y) and (n,y) reactions are of main interest. For these reactions,
neutrons are produced and transported by the HETC module down to energies of 15 MeV.
Below that threshold, the neutrons are passed over to MORSE-CG for a coupled n-v trans-
port which provides the gamma ray line intensities as well as the continuum part reaching
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the planet’s orbit. The production of photons from inelastic neutron scattering with neutron
energies above 15 MeV, spallation or from reactions such as *O(n,n’ay)'?C is performed by
the NDEM module. This photon source is then passed over to MORSE-CG for a transport
calculation. An important background source is the decay of 7%-mesons. The #%-particles
are produced by HETC and passed over for immediate decay and transport to the fourth
HERMES module EGS4. A calculation for the test case Moon gives a gamma spectrum
which is clearly different from earlier semi-empirical estimations concerning both intensity
and spectral distribution. This background source will especially influence the investigation
of low-energy gamma ray lines. Delayed photons from naturally occuring or GCR-produced
radionuclides can be inserted as external source for MORSE-CG for a transport calculation.

The calculational procedure was applied for a typical Martian surface including the
thin atmosphere, which proved to attenuate especially low-energy gamma ray lines (see Fig.
2). Furthermore, the HERMES system can be applied for a calculation of the gamma ray
background from the GCR-irradiated orbiter at the detector site. This can be achieved by
performing the same procedure as described before only by changing the geometric setup.
Thus, the highly flexible code system gives access to basic problems of planetary photon pro-
duction and will be an essential tool for the interpretation of measured gamma ray spectra.
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red to experimental data from Wahlen (3). Some of the most important lines were se-
lected for the calculation.
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HYDRAULIC ROUTING OF THE MAJA OUTFLOW ACROSS XANTHE TERRA:
R. A. De Hon, Department of Geosciences, Northeast Louisiana University, Monroe,

LA 71209.

The object of this study is to trace a single flood crest through the Maja outflow
system and to evaluate the effects of topography on ponding and multiple channel
routing. Maja Valles provides a good model because it has a single source and a
well-defined channel system. The 1500 Km long Maja Valles originates in Juventae
Chasma. The outflow system stretches 1100 Km northward along the Lunae
Planum--Xanthe Terra boundary, then eastward across the Xanthe Terra highlands. It
descends to Chryse Planitia where it extends northeastward toward the middle of the
basin.

The Lunae Planum Outflow Complex (1) includes the Maja Valles outflow and
related valleys (Maja, Vedra, Maumee, and Bahram Valles) that transect Xanthe Terra
and turns eastward toward Chryse Planitia. The Maja flood traveled the first
two-thirds of its distance as a semi-confined sheetflood. At the northern end, it
ponded on the Lunae Planum surface until the waters rose to spill over the Xanthe
Terra revetment onto the lower Chryse Planitia surface. The flow first crossed the
highland terrain as sheetflood flow, but broken by irregularities in the rugged
highland surface, it incised a complex series of anastomosing channels (Fig.1). Early
formed channels were rapidly abandoned as hanging valleys as & few main channels
captured most of the drainage (2). Flow from these Xanthe canyons ponded behind the
wrinkle ridge system on the western edge of Chryse Planitia (3,4). As the impounded
water crested the ridges, the flood continued downslope toward the center of the
basin where it lost volume by infiltration and evaporation.

During much of its brief history, the flow is marked by a single flood crest.
However, multiple flood crests formed as the flow across Xanthe Terra separated into
multiple anastomosing channels, then recombined in the downstream reaches.
Modeling the flood surge across Xanthe Terra provides insight into the erosional and
depositional history of the flood in the lower portions of the channels.

The distance across the highland is 75 km along the most direct route and ranges
up to 150 Km along channel routes of greatest diversion. Maumee Valles consists of
118 possible flow routes and a total of 795 km of channel segments with
approximately 400 cubic Km of channel storage. Vedra consists of 40 possible routes
with 250 cubic Km of channel storage. The "South" drainage (informal name for valley
headed in the crater Dixie) consists of é segments and é5 cubic km of channel storage.
Maja Vallis (canyon section across Xanthe) was established after the other valleys,
but it eventually captured the remaining drainage from Lunae Planum.

As in any flow across a rugged surface, ponding occurred in local basins. The
chief impoundments, providing more than 500 cu km of temporary storage, were in the
lowland basin at 19.79; 56.5°, the crater Bahn, the crater Dixie, the crater at 18.7°.
54,52 and the lowland trough at 17.79; 54.3° near the mouth of Maja canyon. At these
impoundments, the flood crest was delayed as the crater or basin filled to capacity.
Then, one or more new flood crests formed as flood waters spilled through breaches
in the downstream side of impeding basins. In the Maja canyon section, the flow onto
Chryse Planitia was impeded by a highland ridge. Initially, the flow ponded in a
trough on the highland side of the ridge and was diverted to the south through a 65 km
relief channel. However, the flood waters eventually topped the confining ridge and
cut the present gorge to allow direct drainage onto the Chryse surface.
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Modeled times for the flow to transverse the Xanthe highland region range from 3
to 10 hours depending on flood routing and retardation within impoundments in the
valley systems. Hydrographs of the flow at the termini of the chief valleys provide a
graphic view of the surges as they reached the end of the valley systems. The initial
flood crest was reduced to multiple surges along a prolonged flow at the terminus.
Anastomosing flow was primarily responsible for reducing the initial flood crest into
a prolonged flow with a series of minor ebb and flows. Ponding and release was
responsible for the greatest retardations and the separation of major flood crests at
the termini of the canyons.

Thus, flood routing through multiple channels and retardation in local
impoundments are responsible for breakup of the initial flood crest and the formation
of multiple flood crests. Recombined flow near the mouths of these canyons results
in an extended flow regime and multiple flood surges. As a result of ponding along
the flood course, depositional sites are localized and renewed erosion downstream
(from ponded sites) results in sediment source areas not greatly removed from
depositional sites. Some sites, especially at the mouths of the trans-Xanthe canyons,
experienced a complex history of deposition and erosion in response to the ebb and
flow of multiple flood crests imposed by flood routing and multiple ponding.

References:

1. De Hon R.A.(1987) Lunar Planet. Sci. XVIII, 227-228.

2. Greeley R. et al. (1977) J. Geophys. Res. 82, 4093-4109.

3. Thelig E. and R. Greeley (1979) J. Geophys. Res, 84, 79461-79¢4.
4, Baker V.R. and R.C. Kochel (1979) J. Geophys. Res. 84, 7994-8010.

FIGURE 1. Subparallel and anastomosing channels across Xanthe Terra.
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GEOLOGIC MAP OF THE GALAXIAS REGION OF MARS. R. A. De Hon, Department of
Geosciences, Northeast Louisiana University, Monroe LA, 71209, P. M. Mouginis-Mark,
and E. E. Brick, Planetary Geoscience Division, Hawaii Institute of Geophysics,
University of Hawaii, Honolulu HA 94622,

Introduction: The Galaxias region (MTM 35217) is one of a series of 1:500,000-scale
science study areas on Mars sponsored by NASA Planetary Programs. This map is part
of an east-west strip which includes Hecates Tholis and a mixture of volcanic and
nonvolcanic terrains near the northern limit of the Elysium lava flows. Resolution on
the images used in the Viking photomosaic base ranges from 160 to 40 meter per pixel,
and the solar illumination angle is not constant. Thus, visible surface detail varies
considerably.

Some of the map units (Fig. 1) correspond or are partially equivalent to units of
Elston (1), Scott and Carr (2), Greeley and Guest (3), and Tanaka et al. (4). Established
terminology is followed where feasible, but the scale of this map requires that some
new units be introduced and that some previous terminology be redefined.

Geoloqgic Setting and Physiography: The Galaxias region is located along the transition
zone between the broad Elysium Mons rise to the southeast and Utopia Planitia to the
northwest. The regional topography consists of a uniform, gentle slope to the
northwest upon which is superimposed a moderately smooth to rugged surface
consisting of lava plains in the south and a mixture of rolling plains, rugged
“badlands”, and subdued knobby terrains to the north. The entrenched Hrad Vallis
heads in the region and continues 500 km to the northwest. Galaxias Fossae, for which
the map is named, consists of a family of parallel, deep fissures in the southern part
of the region and a long, linear fissure in the northern part of the map area.
Stratigraphy: The chief stratigraphic units in the region are flows from Elysium Mons
and possible volcaniclastic units associated with the Elysium activity (Fig. {). All
materials aother than craters are Amazonian in age. The oldest flow material (Unit
Aell) covers much of the southern third of the map. More pristine lobate flows (Unit
Ael2) are superposed on the older flows. Coarse and smooth members of the Elysium
Formation (Units Aelc and Aels) form much of the surface in the northern part of the
map. Smooth materials may be of clastic origin (volcaniclastic, mudflow, loess, fluvial,
etc.) based on the apparent ease of dissection. The coarse member is expressed as
rugged “"badlands" topography that appears to form at the expense of the smooth
member. Breakup of older lava flows into polygonal blocks is mapped as polygonally
grooved materials (Unit Apg) along the northern edge of the flows. This material
grades northward into either knobby plains material (Unit Apk or a mixture of coarse
and smooth members of the Elysium formation. Locally, lumpy plains materials (Unit
Apl) consisting of closely-spaced small hillocks overlie grooved materials. Smooth
plains-forming material (Unit Aps) forms broad plains and floors some basins. Fluvial
materials occur as slope and floor material of the incised Hrad Vallis (Unit Ach) and as
floodplain material (Unit Achp). Fluted plains material (Unit Apf) near the head of
Hrad Vallis may be a lahar originating from Hrad Vallis. A unique mound of rugged
ridge material (Unit Arr) stands above the plains in mid-quadrangle. Gullied or fluted
slopes suggest that this material is easily eroded and may be friable volcaniclastic
material or gullied domed plains material. A smaller mound is located to the
southeast, and a long ridge with similar gullied or scalloped flanks is located to the
east.

Craters: Most impact craters within the region are small, fresh-appearing Amazonian
craters (Unit Acl. Amazonian craters have sharp rim crests and textured ejecta
blankets. Some ejecta blankets extend greater than one crater diameter from the crest.
Secondary crater fields are scarce. A few craters, which are partially buried by
Amazonian plains-forming materials, have uncertain stratigraphic bases. These
craters are designated as Amazonian and Hesperian crater material (Unit AHc).
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Structure: The dominant structural trend is parallel to the regional slope. Fissures,
graben, and faults trend dominantly northwest with a lesser orthogonal trend.
Galaxias Fossae consists of a system of parallel and alined fissures trending
northwest in the southern part of the map region and a 300 km long fissure trending
west-northwest in the northern part of the region. The northwest trend is accentuated
by parallel alinement of other linears such as the long axis of the rugged ridge
material, other ridges, valleys, and flow lobes.

Some features present in the region are of undetermined origins. Small {1 to 3 Km
basal diameter) oval to elongate hillocks with apical fissures are common in the
northeastern portion of the region. They may be pingos. Small ridges (less than a
Kilometer in width) of questionable origin occur along the edge of the smooth plains
material near its contact with polygonal plains materials in the eastern portion of the
area.

Channels and Hydrologic History: Hrad Vallis and an unnamed flood plain are
prominent drainage courses within the map. Both drainages trend paraliel to the
regional slope and parallel to the dominant structural trend of fissures, faults, and
lineaments. In addition, parts of Galaxias Fossae may have carried flowing water.

Hrad Vallis heads in a fissure-like depression that is locally associated with
collapsed terrain. The channel is a well-defined, incised, sinuous channel flanked by a
broad, paired terrace along most of its course. Slumping along the walls of the valley
has left small islands of terrace material within the channel. Cut-off loops attest to
an earlier period of channeling before the present channel was fully established.

East of the Hrad Vallis a flat-floored, broad, irregular depression reaches from the
southeast portion of the quadrangle to beyond the central northern border. The
depression has a smooth floor with some minor scour and channeling that indicates that
this depression carried water. The primary source of water is a 10 Km diameter
depression at the northern limit of the Elysium flows, but water may have been
released all along the egde of the polygonally grooved terrain. A delta and levee
complex leads from the source basin into the drainage course (5). Locally, the waters
embayed isolated blocks of the grooved terrain.

Geologic History: In this region, the interplay of volcanism, near surface volatiles,
and surface runoff is evident. Major units were emplaced as lava flows associated
with Elysium volcanism and clastic deposition as either sediment or volcaniclastic
processes. Surface modification by fluvial processes and possibly by
Karst/thermokarst action has been responsible for the development of moderately

rugged topography.
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MINIMUM ESTIMATES FOR VOLUME REMOVAL FROM THE MARTIAN FRETTED
TERRAIN BETWEEN 270°W and 360°W, Andrew M. Dimitriou, University of Massachusetts,
Ambherst, MA 01003.

Martian fretted terrain has been a subject of study since the return of Mariner 9 data (1)
and the original morphological description as offered by Sharp (1) has been widely accepted. This
description is of a once continuous heavily cratered plateau which has since been subject to
extensive erosion. The plateau remnants stand topographically higher as outlying "knobs” and
»mesas” amidst onlapping stratigraphically younger plains materials. The best exposed area of
fretted terrain on Mars lies between 270'W and 360°W in a 5-10 degree wide zone around 40°N.
Work has been done in this area on the nature and origin of the debris aprons and fretted valley
floor lineations (2,3) and principal component analysis attempted (4) on the outlying "mesas” in
order to explain the observed distribution as a function of structural trends and erosive events.
This abstract outlines the method used to estimate the volume of former plateau material that has
been removed from this well exposed area of fretted terrain. The method attempts to place
relatively hard lower bounds on these estimates. Upper bounds are more uncertain because
inferring the extent of plateau material buried beneath plains to the north is difficult. The
quantification is important because this region provides a very obvious source of material available
for redistribution, and the lowlands to the north have acted as a sink for sedimentary material. The
source volumes obtained here can be compared to the sink volumes required to bury large areas
of the lowlands with a view to placing this regional contribution into a global context.

Three models are presented for the former extent of a once continuous heavily cratered
plateau that has since been dissected and eroded. Within these model areas, outlying “mesas” and
~knobs” (hereafter grouped as mountains) are separated for analytical purposes into two groups
based on exposed surface area. Mountains >40 km“ are termed large mountains, those <40 km
small mountains.

The southern and western limit for all three models is identical and well defined by the
present boundary between fretted terrain and the heavily cratered plateau. The northem limit for
all three models is less well defined because it is gradational. Between 300°W and 350°W, the
northem boundary is inferred from the limit of occurrence of larger ( >40km2) mountains, which
is an irregular east-west trace at about 49°N. East of 300°W, the three models have different NE
limits, none of which coincides with the observed limits of fretted terrain. These northeast limits
define the different model areas.

The smallest area (model 1) is bounded by a northwestward extension of the northwest
trending graben sets visible on the upland surface at about 380N, 305'W. This extension of a visible
upland trend into what is now lowland is based on the postulate that the graben sets are the
observable remnants of a series of northwest trending boundary faults that dissected the plateau
surface and significantly dropped plateau material to the north and east. Some of the remnant
mesas standing in this area of lowland appear to have long axes oriented parallel to this northwest
trend. Any assumption of a continuous plateau thickness available for erosion north and east of
these faults is not warranted, if this model defines the true initial northern limit of the plateau.

Model 2 includes the model 1 area but its northeast limit is farther eastward and is defined
by a northwest-southeast trend at the abrupt limit of occurrence of outlying mountains. This is
noted clearly around 43°N, 298°W. The rationale for this model is that this abrupt loss of
mountains indicates a rapid drop in basement elevation which could be the limit of a plateau
surface that has since been dissected, eroded and embayed by younger materials.

Model 3 includes all of the model 2 area and also an additional zone to the east as far as
a northwest-southeast trace defined by the trend of the large irregular mesas centred on 35N,
280°W. The mesas were identified by Wilhelms and Squyres (5) as rim remnants from their
proposed 7700 km diameter Borealis basin. There is no observable evidence to indicate that a
continuous thickness of plateau material was available for erosion north and east of this proposed

rim boundary.
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Within all three areas, the exposed surface area of every large mountain was digitised, as was
the enclosed area for each model. Shadow measurements were made at 16 locations on the
continuous plateau boundary scarp and a mean height of 1.42 + 0.52 km was determined. The
quoted error not only includes the standard deviation, but a 2 pixel vertical error to account for
slope rounding and shadow margin location problems as detailed by Parker et al. (6). Shadow
measurements were made on 39 large mountains in a similar manner: the mean height of 1.45 +
0.69 km agrees very well with that obtained from the scarp, strengthening the case that the
mountains are remnant outliers of the plateau. In order to account for the volume of residual
plateau material remaining within the model areas in the form of small mountains, five
representative small subareas were located where the resolution permits a confident assessment
of the surface areas and heights of small mountains to be made. An average of 3.3% of these five
subareas is covered by small mountains and this is assumed to be a fair estimate across all three
of the model areas. A mean height of 0.78 + 0.41 km was obtained from 45 shadow measurements
of small mountains. Ten shadow measurements were made on the margins of debris aprons visible
on the extremely high resolution orbit 461B Viking images and a mean height of 0.07 + 0.02 km
was determined. Rather than attempt the extremely difficult task of identifying the percentage of
the model areas covered by debris aprons, it was assumed that the entire lowland within each
model area was completely buried by a debris blanket of the above thickness.

Estimates of volume removed range from 1.04 + 0.60 M km?3 for model 1 through 1.53 +
0.80 M km3 for model 2 to 1.99 + 1.10 M km3 for model 3. This corresponds to a global
equivalent sediment layer of between 3 and 21 m. If the northern lowlands is considered as the
sole sink for this material a layer of between 9 and 60 m is indicated. These are minimum
estimates because: (a) the thickness of plateau material measured does not represent the height
above pre-plains basement but the height above the younger plains deposits (b) the northern
inferred plateau limit is conservative; more plateau material may lie buried (c) the mountains were
assumed to be flat-topped and have vertical cliff faces but are often conical or significantly
rounded in cross-section.

As the volume of young material proposed to be present in the northemn lowlands is
significantly greater than that estimated above, the contribution of sediment from this area of
fretted terrain is a small proportion of the lowland total.
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STRATIGRAPHY OF THE ISMENIUS LACUS SE SUBQUADRANGLE: CLUES TO AN
UPLAND/LOWLAND BOUNDARY FORMING EVENT?, Andrew M. Dimitriou, University of
Massachusetts, Amherst, MA 01003.

The Ismenius Lacus SE (MC5SE) subquadrangle is located in NE Mars between 292.5°W and
315"W and 30°N and 47.5°N. Within this area, the global boundary between southern heavily
cratered upland and northern sparsely cratered lowland is well exposed along a series of northwest
trending scarps that approximate 1.4 km in mean height (1). To the northwest and southeast of
the boundary defined by the scarps, areas of “fretted terrain” (2) make the upland/lowland
boundary difficult to locate precisely. Geologic mapping based on Mariner 9 imagery was done
by Lucchitta (3) over the entire MC5 quadrangle at a scale of 1:5M. This area was also covered
in the 1:15M scale map of the Martian eastern hemisphere as compiled by Greeley and Guest (4).
The purpose of this abstract is to present the initial results of a stratigraphic and tectonic study
of this area using the highest available resolution Viking imagery as well as the published 1:2M
photomosaic. By obtaining a detailed relative age sequence of the geologic units isolated, the
fracturing and tectonic history of this key upland/lowland boundary area can be constrained more
precisely than before. The cumulative crater plots generated were compared with the Neukum and
Hiller curve (5) and stratigraphic ages assigned with reference to Tanaka (6).

Within the uplands, a distinctive population of "rimless” craters is recognised which has also
been noted in Amenthes (7). It is assumed here that these craters represent an old population
lying at a relatively uniform depth beneath the present plateau surface units. When relative ages
are determined, either by considering the plateau surface as a whole or by separating populations
based on the observable geologic units, counts of “rimless” craters yield an Early Noachian age.

Above this ancient surface, a number of geologic units can be identified based on differences
in surface morphology. A smooth plateau unit is located along the fretted northern boundary of
the plateau and as a capping unit on the outlying mesas. This is interpreted as being volcanic
and/or aeolian material and yields a crater age of Early Amazonian. The smooth plateau unit
truncates a boundary between two units tentatively interpreted as volcanic, the most extensive of
which is identified as ridged plateau. It lies in the central portion of the upland in this subquad
and is characterised by the presence of low relief irregular scarps; crater counts yield a Early
Hesperian age although the counts also indicate that lava may have continued to flood this surface
with decreasing volumes into the Early Amazonian. The ridged plateau is fractured and truncated
along its eastern margin by boundary scarps which separate upland from lowland materials. The
second unit truncated by the smooth plateau is characterised by a hummocky surface at km scale
and is thus identified as hummocky plateau. This is located in the central and eastern portion of
the upland where its eastern margin is also dissected and truncated by boundary scarps. Crater
counts yield an Late Hesperian age for this unit.

A complexly eroded unit is identified in the southern region of the subquad as etched
plateau. The boundary between this and the ridged plateau is characterised by erosional rather
than depositional processes. Here, the visible etched unit consists of ridged and possibly smooth
plateau material that has been differentially eroded in a complex manner leaving irregular and
circular positive relief landforms. Crater ages from this unit yield Early Amazonian ages, but this
relative youth is almost certainly due to removal of craters by the complementary processes of
erosion and deposition, the stratigraphic age of the materials visible is older. These erosional and
depositional processes have neverless allowed a fairly clear boundary to be drawn between the
etched and ridged units.

Within the lowland along the upland/lowland boundary, a unit which is characterised by the
presence of bright, very sparsely cratered material is identified. This unit includes debris aprons
present at the base of the scarp and of many outlying mountains and also bright deposits mantling
the floors of fractures and irregular valleys penetrating into the uplands. Crater counts proved
impossible on this unit due to the small number of superposed craters present.

North and west of the boundary scarp, three lowland plains units are identified: a smooth
plains unit, a very smooth plains unit and an etched plains unit. Crater counts are only possible
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on the first two units and yield ages between Early and Middle Amazonian. The latter unit does
not have a large enough exposed area within the mapped area to permit crater counting. The
morphological differences between the first two units is based on the relative abundance of small
mountains that are scattered through the lowland plains. These mountains are inferred to represent
inliers of older material. Within the areas where these mountains abruptly decrease in abundance
practically to zero the very smooth plains unit was identified. The differences in mountain
abundance are taken to represent variations in sub-plains basement elevation. The etched plains
unit is characterised by the presence of small (< 10km long axis) cuspate positive relief features
that suggest differential erosion of plains materials.

A unit that consists of isolated large groups of mostly rounded mountains scattered in a wide
zone roughly paralleling the present trace of the upland/lowland scarp is interpreted to be
remnants of an older surface that has been partially buried and embayed by the unconformable
younger plains materials. Crater remnants are visible in many cases and counts over these areas
yield a population that fits the Neukum and Hiller production curve (5) very well. The age
determined is Early Noachian. Therefore, the surface that lies at a shallow depth on the plateau
is also present at a shallow depth in the lowlands, an elevation difference of at least 1.4 km.

In order to account for this observation, work is in progress attempting to model this as
an area which experienced crustal downwarping, or normal faulting causing downthrow to the
northeast. These models must also take into consideration the timing of the event. Because some
of fractures cut upland surfaces the faults are inferred to have initiated around the Late
Noachian/Early Hesperian boundary, which is significant for the timing of the origin of the
dichotomy boundary itself in this region of Mars.

This region is a key area of the upland/lowland boundary, due to the exposure of a wide
age range of materials. The work done and the modelling in progress enables better constraints
to be placed on the timing and nature of this portion of the global dichotomy.

(1) Dimitriou, A.M., Lunar and Planet Sci. Conf. XXI (abs), this volume, 1990.

(2) Sharp, R.P., J. Geophys. Res., 78, 4073-4083, 1973.

(3) Lucchitta, B.K., Geol. Map Ismenius Lacus Quadrangle of Mars, Map 1-1065, 1978.

(4) Greeley, R. and J.E. Guest, Geol. Map of Eastern Equatorial Regions of Mars, Map 1-1802B,
1987.

(5) Neukum, G., and K. Hiller, J. Geophys. Res., 86, 3097-3121, 1981.

(6) Tanaka, K.L., J. Geophys. Res., 91, E139-E158, 1986.

(7) Maxwell, T.A. and R.A. Craddock, Lunar and Planet Sci. Conf XX (abs),646-647, 1989.
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EXPERIMENTAL SIMULATION OF MARTIAN NEUTRON LEAKAGE SPECTRUM; D.M.
Drake, S. Wender, R. Nelson, and E. R. Shunk, Los Alamos National
Laboratory, Los Alamos, NM 87545; Winfried Amian, UFA, Julich, FRG; Peter
Englert, San Jose State University, San Jose, CA; Johannes Bruckner,
Max-Planck Institut fur Chemie, Mainz, FRG; Manfred Drosg, University of
Vienna, Vienna, Austria

The boron loaded plastic scintillator that partially surrounds the
Gamma Ray Spectrometer (GRS) of the Mars Observer satellite has two
functions. First, via anticoincidence, it allows pulses that are caused by
energetic cosmic rays to be eliminated from the gamma-ray spectrum, and
second, it counts cosmic ray created neutrons that leak from the martian
surface. Due to the fact that the plastic shield is divided into four
parts similar to the sides of a pyramid, the neutron leakage spectrum can
be parameterized by the four counting rates. Because the space craft
velocity is larger than that of thermal neutrons, the front face of the
counter counts faster than the back face.

In a previous paperz, we modeled the neutron leakage spectrum using a
neutron transport code for various martian surface conditions (dry and wet
regolith, layers, and carbon dioxide overlay). These spectra were
parameterized into epithermal and thermal parts in order to facilitate
identification regolith features.

Although we have a high degree of confidence in the codes used, we
thought some experimental verification of the trends predicted would be
appropriate.

To this end we filled a large container with pseudo "martian sand”
whose composition was similar to that found at Chryse and bombarded it with
pseudo cosmic rays, i.e., 800 MeV protons from the Los Alamos LAMPF
accelerator.

The LAMPF beam was delivered in pulses whose time duration was less
than a nano-second, about twenty time per second. The leakage neutrons
were detected by °"Li glass detectors located at the end of a 30 meter
evacuated flight path. The time of flight neutron spectra were converted
to energy spectra and corrected for detector efficiency so that they could
be compared directly to the calculated spectra.

Preliminary results of this experiment show the neutron spectrum to be
considerably harder than calculations using infinite plane geometry. We
attribute this difference in part to the finite size of the containers.

References
I} william C. Feldman and Darrell M. Drake, Nuclear Instruments and

Methods A245 (1986) 182.
2) D. M. Drake, W. C. Feldman, and B. M. Jakosky, Journal of Geophysical

Res. 93 (1988) 6353.
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A GAMMA RAY MODE OF THE ALPHA PARTICLE ANALYTICAL INSTRUMENT

Thanasis Economou” and Anthony Turkevich ¥.
' Laboratory for Astrophysics and Space Research, Enrico Fermi Institute,University of
Chicago, Chicago, # Chemistry Department, University of Chicago, Chicago, IL 60637.

The Alpha Particle Analytical Instrument provided the first relatively complete analyses
of lunar surface material at three locations on the moon during the Surveyor Missions in 1967
and 1968 using only the classical alpha and proton modes of the technique. The capabilities have
since been expanded by measuring the fluorescent x-rays produced by the interaction of the
source radiations with the sample surface. Such versions of the instrument were flown on the
ill-fated Soviet Phobos missions in 1988. The alpha sources used in such instruments are also
neutron emitters due to spontaneous fission branches in the alpha decay and due to the
interaction of the alpha particles with nearby materials. These neutrons can react with
surrounding materials to produce gamma rays. Inclusion of a gamma ray detector in the Alpha
Particle instrument can enhance the analytical capabilities of the package by providing a direct
sensitivity for hydrogen, by providing a bulk analysis for several elements that are determined
in the surface material, and by providing some isotopic information. This possibilitiy of
determining several elements by different modes can remove ambiguities about the applicability
of a surface analysis to represent bulk composition. Thus, an alpha particle package with alpha,
proton, x-ray and gamma modes can provide the most complete in situ chemical analysis of an
extraterrestrial body that is presently possible.

In order to test these ideas a 50 mCi 244Cm alpha source, mounted on stainless steel,
has been used in an arrangement where the alpha ( neutron) source was approximately 20 cm
away from a cooled 30 cm3 GelLi crystal. Samples of various materials, varying in mass from 2
to 15 Kg were interposed between the source and detector and the resultant gamma rays
measured. The experimental situation differs from that of Bruckner et al (1) in using
relatively low energy neutrons (less than 4 MeV cf 14 MeV) and rather thick targets.

As an example of the type of results obtained, Figure 1 compares the response of the
gamma detector to a sample of NaHCO3 with that when NazCO3 is the sample. Figure 1a shows
the energy region between 420 and 500 KeV. Also shown is the detector response when no
sample is present. Clearly seen in both carbonate samples is the 439 KeV gamma ray line due
to inelastic neutron scattering on 23Na. In the NaHCO3 sample there is, barely visible, the 472
keV neutron capture line in 23Na. This line is not seen in the NapCO3 sample presumably
because of neutron leakage before capture.

Figure 1b shows the spectra in the 2 MeV region. The 2.22 MeV neutron capture line of

hydrogen is visible in the bicarbonate sample. The neutron capture lines of H and 23Na are
greatly enhanced by addition of surrounding paraffin.

Table | lists the samples that have been measured so far, the gamma rays identified and
their relative intensities as recorded. These preliminary results should be used with caution
since the intensities will depend on the actual geometrical situation which, in this work, was
quite different from that to be encountered on either a surface or penetrator type space mission.

The gamma rays detected so far are pretty much those expected by calculations of the
type of Evans et al (2) although some significant differences are noted. For example, in the
magnesium run, the lines at 1.369, 1.612 and 1.809 MeV are not in the ratios given by Evans
et al (2), and the 1.612 MeV line is hardly visible in our measurements. In addition, the
detector system used here had a cut off at 6.1 MeV and was too small to have a good efficiency for
gamma rays above about 4 MeV.
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On a space mission with alpha sources of the strength needed for the alpha and proton
modes of the Alpha Particle Instrument, the gamma ray rates should be at least comparable to
those expected from cosmic rays. They could easily be enhanced by up to a factor of ten by use of
a Be shutter over the alpha sources or with higher intensity, encapsulated, alpha sources.

There are several disadvantages to using such neutron sources for exciting gamma rays
for analytical purposes and these have to be investigated. However, advantages would be the
presence of a neutron source of constant and known strength and energy distribution, the
response to which could be adequately calibrated on earth. This would make the analytical
results quantifiable in a way hard to do with cosmic ray activation.

Acknowledgements: Support provided by the U.S. National Aeronautics and Space Agency
(grant #NAG W 878).

References: (1) J. Bruckner, R.C. Reedy and H. Wanke, Lunar and Planetary Sci. XV,
Abstract p. 98 (1984). (2) L.G. Evans, J.I. Trombka and W.V. Boynton, Lunar and Planetary
Sci. XV, J. Geophys. Res. 91, D525 (1986).
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THE X-RAY MODE OF THE ALPHA PARTICLE ANALYTICAL INSTRUMENT
T, Economou*, J, Iwanczyk** and A. Turkevich*

“Laboratory for Astrophysics and Space Research, The University of Chicago,Chicago, 11.60637.
**Xsirius Scientific,Inc. 4640 Admiralty Way, Suite 214, Marina Del Ray, California 90292.

The Alpha Particle Instrument with its alpha, proton, x-ray, and now, the new gamma
ray modes, is a versatile analytical instrument that can provide the most complete in-situ
chemical analyses of samples on planetary missions. The instrument is based on interactions of
radiation with matter that are well understood and it can be easily calibrated in the laboratory
before being sent into space. Its performance has been proven during space missions in the
past.

The excitation of characteristic x-rays in the Alpha Particle instrument is caused by
two mechanisms: 1) by the alpha particles from the curium radioactive source - the same
source that is used in the alpha, proton and the gamma modes - and, 2) by the plutonium L x-
ray lines ( 14-22 keV) which are more effective than alpha particles in exciting higher Z
elements. Such excitation is sufficient to obtain good analyses for all the major elements in
relatively short counting periods. To enhance the sensitivity for certain minor and trace
elements, additional auxiliary x-ray excitation sources can be utilized ( e.g 109Cd , 241Am,
etc).

In the past, ( e.g. on the recent Soviet Phobos mission), the X-ray mode of this
instrument was implemented by using a cryogenically cooled Si(Li) detector. However, for
many missions, including a mission to Mars, such cooling is impractical or impossible. In such
cases ambient temperature x-ray detectors are needed. (J. Iwanczyk et al, 1986, 1989).

We report here the first preliminary results obtained using an x-ray probe containing
an ambient temperature Hgl2 x-ray detector attached to the Alpha Particle instrument as

shown in Fig. 1. The detector used in this work had an area of 5 mm<2 with about 500 mm
depletion depth . it was biased at -800V. The detector and the first stage FET transistor were
slightly cooled to about 0°C by small Peltier coolers. Such cooling will not be necessary for
most missions . The detector was exposed to the x-rays from the sample in vacuum and acted
therefore as a windowless detector. A 3.5 mm parylene N type fim was coated directly on to the
Hgl2 crystal to prevent contamination and to enable the detector to operate properly in vacuum.
The total energy resolution of the x-ray system was 225 eV at 6.04 keV of Fe Ka line The
electronic noise was 187 eV.

With this arrangement we were able to detect the very low x-ray energies that even the
best laboratory silicon detector with thin Be window have difficulties detecting. Fig. 2 shows
the x-ray spectrum obtained from a NapgCO3 sample. The sodium line at 1.04 keV is clearly
above the noise level of the system. Fig.3 shows the x-ray spectrum obtained from a sample of
an Allende meteorite There, the 1.25 keV Mg K; line is well separated from 1.74 keV Si K3
line. With proper line fitting algorithms even a line from about 1.7 % aluminum (1.49 keV )
sample can be detected in the presence of 15% Mg and 13% Si present in the Allende meteorite .
The other lines are due to sulphur, calcium, titanium,chromium,manganese,iron and nickel.
Notice that the Fe Kp line is very well separated from the Ni Ka line. Fig.4 shows for
comparison a similar spectrum obtained with the Phobos x-ray instrument that utilized
cooled Si(Li) detectors (Hovestadt et.al.,1988.).

Although the first results of the x-ray mode of the Alpha Particle instrument using
ambient temperature Hglo x-ray detectors were much better than we had expected in terms of
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resolution and sensitivity to low energies, it can be seen that the Phobos instrument with
similar energy resolution has slightly better sensitivity to elements present in low
concentration This is due to the higher background in the present arrangement. As can be seen
from Fig.1, the source-sample-detector geometry of the x -ray probe is less than optimal in
this experimental setup. By mounting the x-ray detector inside the Alpha instrument, the
sample to detector distance can be decreased from the present 65 mm to less than 25 mm. This
will increase the useful x-ray counting rate by almost a factor of seven while the background
will not change significantly. This will dramatically improve the sensitivity of the instrument
to low concentration elements. Future experiments will concentrate on investigating the best
design geometries, detector sizes and the best auxiliary excitation sources.
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Fig. 1: Geometrical relationship of Hgl detector
probe attached to the Alpha Particle
Instrument.
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Fig. 3: X-ray spectrum from a sample of meteorite
Allende, obtained with Hgl» x-ray detectors at
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POSSIBLE CINDER CONES NEAR THE SUMMIT OF PAVONIS MONS, MARS.
Kenneth S. Edgett, Department of Geology, Arizona State University, Tempe, AZ 85287.

Introduction. In 1979, Wood [1] mentioned the existence of a possible cinder cone near the
summit of Pavonis Mons, and he estimated its dimensions. Examination of medium resolution Viking
photographs has revealed four additional candidate cinder cones in the summit region. Pavonis Mons has
been largely overlooked in the literature concerning the late-stage volcanic activity of the Tharsis volcanoes;
and no cones have been found on the other Tharsis Montes [2,3]. The presence of possible cinder cones
near the summit implies that volatile-rich pyroclastic activity occured late in the evolution of Pavonis Mons.

Setting. The summit region of Pavonis Mons (Fig. 1) was photographed at moderate to high
resolution (50 to 76 m/pixel) by both Mariner 9 and Viking 1. The summit is about 18 km above the martian
datum [4,5], and has two conspicuous features: a 45 km-diameter caldera and, off-set to the northeast, an 85
km-diameter depression [6-9). The caldera is about 4 to § km deep [4,5,10); and the walls have numerous
vertical, parallel ridges and grooves which are attributed to mass wasting and aeolian modification [11,12].
The caldera floor appears smooth and featureless with the exception of two 500 m-diameter craters. The large
depression is bounded by inward-facing arcuate scarps in the west, and both an inward- and outward-facing
scarp in the east. There is no surface expression of the southeastern rim of the depression. Six mare-type
wrinkle ridges oriented radial to the caldera occur within the depression, none occur within 5 km of the caldera
rim, but three of them extend up to 12 km beyond the depression rim. The depression apparently formed
before the caldera; and the wrinkle ridges formed before or concurrently with the depression [13). The wrinkle
ridges likely formed by compression [14-16}, the depression likely formed by volcano-tectonic collapse [9].

Cones and Mounds. Five cones or mounds, labeled “c” in Fig. 1, occur within 5 km of the caldera
rim. The best example is a cone with a pit at its summit which occurs on the volcanic shield along the edge of
a fissure, about 3.5 km west of the caldera rim. This cone, originally identified by Wood [1], is best seen in an
oblique-view photograph from Mariner 9 (DAS 55663953). It is also visible in Viking 1 images 210A32 and
210A34. To the north of this cone there is an irregular, rough-textured, raised-relief landform (labeled *m" in
Fig. 1) which is bissected by a fissure. Two mounds, approximately elliptical in shape, occur along fissures
north of the caldera rim between the rim and the southern end of a wrinkle ridge in the 85 km depression; one
of these features appears to have a summit crater. Two additional features, circular mounds with summit pits,
are visible near the limits of resolution in Viking frame 210A34; they occur in the large depression about 15 km
east of the elliptical mounds and about § km north of the caldera rim.

Interpretations and Discussion. The five cones and the irregular, rough-textured landform
are considered to be volcanic constructs, because of their occurence on a volcano and their proximity to both
the caldera and to fissures in the summit region. Wood [1) interpreted the cone seen in the Mariner 9 image as
a possible cinder cone with a basal diameter of ~1.1 km, a crater diameter ~0.45 km, and a height of ~0.07 km.
Although Wood did not plot this cone [fig. 6 of 1], with these dimensions the cone plots within the cinder cone
"field” of Wood's crater diameter/basal diameter diagram for monogenetic volcanoes [13].

Alternative explanations for the cones are: (1) They could be small effusive volcanoes, such as the
chain of low shields in the Arsia Mons caldera [17]; or (2) they could be volcanic domes. Short of obtaining
very high resolution photographs or thermal infrared measurements, there is no conclusive test to
demonstrate that any of the five cones/mounds are cinder cones. One test for the presence of cinders is to
look for very high resolution thermal infrared data, which might indicate the presence of cinders because
thermal inertia correlates with grain size under martian atmospheric conditions [eg. 18]. The highest
resolution thermal infrared data from the Viking Infrared Thermal Mapper (IRTM) did not indicate the presence
of surficial deposits with grain sizes larger than ~0.1 mm (silt-sized) on the Pavonis Mons shield [19).
Howaever, the spot sizes for these data were about 3 to 5 km, while the cones are smaller, about 1 to 3 km.

If the cones are cinder cones, then they indicate that pyrociastic activity occured on Pavonis Mons.
Since they appear to be associated with fissures emanating from the caldera, they might post-date the
caldera collapse, and would therefore suggest that the last summit volcanic activity involved volatile-rich
magmas [eg. 20]. Cinder cones form from short-lived strombolian eruptions, usually resulting from eruption of
a low-viscosity magma through a narrow fissure or conduit [21]. The fact that these iandforms do not
resemble the low-profile, several km-wide cinder cone shapes predicted for Mars by McGetchin et al. [22)
might be explained by their use of terrestrial values for ejecta volumes, escape angles, and velocities.

The possible presence of cinder cones on Pavonis Mons distinguishes it from the other Tharsis
volcanoes. Olympus, Arsia, and Ascraeus Montes were photographed at higher resolutions by the Viking
Orbiters, yet detailed studies of these volcanoes reveal no cinder cones or other evidence for pyroclastic
volcanism [2,3]. k should be noted that the Hawaiian basaltic shield volcances have numerous cinder cones
on them [eg. 23]; suggesting that Pavonis Mons has had a similar evolution.

The cone-shaped landforms near the summit of Pavonis Mons are the most likely candidate cinder
cones yet identified on Mars, because they occur on a volcano and they occur in the vicinity of a caldera, as
do many of the Hawaiian cinder cones. Possible cinder cones have also been identified on Elysium Mons
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[24]. Numerous cone-shaped features with summit pits have been identified elsewhere on Mars [ eg. 25-27],
but their volcanic associations are questionable due to the lack of a definite volcanic context.
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Figure 1. Sketch map of the summit region of Pavonis Mons. Mare-type ridges are shaded. The
five cone-shaped features are labeled "c", and are interpreted as possible cinder cones. Feature (m) is
interpreted to be a volcanic extrusion which post-dates the caldera. The units labled are: (cf)= caldera floor,
(s)= wall-slump material, (cw)= caldera walls. Sketch is centered at 0.8°N, 112.7°W; the map base
included Viking 1 images 210A 33-36.
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SAND ON MARS: DARK AEOLIAN DEPOSITS ON CRATER
FLOORS RELATED TO REGIONAL WINDS. Kenneth S. Edgett and
Philip R. Christensen, Department of Geology, Arizona State University, Tempe,
Arizona 85287.

Intracrater dark features are common on Mars, especially on the floors of craters
larger than ~25 km in diameter [1]. They typically occur on the predominant downwind side
of the crater, and a number of them are composed of sand dunes [2-6]. The dark features,
commonly termed "splotches” [7,8], are also apparently relatively free of incorporated fine
dust [6] and coarse rocks [9]. All of the previous work that considered these features
suggests that they have an aeolian origin, and that most may be composed of
granulometrically unimodal deposits of sand-sized material. The purpose of the present
study is to search for regional versus local differences in the properties of materials
comprising the dark intracrater features; in order to make inferences concerning the nature
and global distribution of martian sands.

The approach of this study involved: (1) examination of the highest resolution
Mariner 9 and Viking Orbiter photographs, in an effort to locate dunes, and (2) determination
of the thermophysical properties of intracrater dunes, followed by the same for intracrater
dark features with no visible duneforms. Viking Infrared Thermal Mapper IRTM) 20 pm
brightness temperatures and an assumed surface albedo of 0.15 were used to calculate
thermal inertia. (The reader should note that a 0.15 albedo is a more realistic value than the
0.25 used to calculate thermal inertias presented in an earlier abstract [10]). A standard
albedo of 0.15 was used because actual albedos for all of the dark intracrater features are not
available. The IRTM data were constrained to avoid the effects of atmospheric dust, clouds,
surface frosts, surface roughness, and surface emissivity. The best IRTM data for these
purposes were taken at night (one reason for using an assumed albedo) and between Lg 344°
to 125°. The resolution of the data were constrained, so that only data which lie exactly (or
as close as possible) on the dark feature were used. Thermal inertia (expressed in units x
10-3 cal cm-2 sec-1/2 °K-1), at martian atmospheric pressures and temperatures, can be used
to estimate effective particle size of unconsolidated materials [11,12]. This relationship is
most useful for examining sand dunes, because they are the most likely martian feature
which would be unconsolidated and have a unimodal grain size distribution which should be
equal to the effective grain size determined by the thermal inertia-grain size relationship.

Compared to terrestrial dunefields, we would expect intracrater dunefields to have an
effective particle size in the medium sand range (250 - 500um, or 6.0 - 7.9 thermal inertia
units) [13], or perhaps slightly larger [14]. The best IRTM data avialable for dunes is that of
the large Hellespontus dunefields in the craters Kaiser, Rabe, and Proctor. The thermal
inertias calculated for these are all ~8.0 (effective grain sizes ~ 550um). The actual thermal
inertias may be slightly less than 8.0, because the actual albedos for these dunes are closer to
0.13 rather than the standard 0.15 used to calculate thermal inertias from predawn data.
Regardless of the actual albedo, it is clear that the thermal inertia of these dunes is consistent
with an average particle size in the upper-medium or lower-coarse sand size range.
Dunefields in the craters Wirtz (-48.5°, 25.6°) and Moreux (+42.1°, 315.5°) yield similar
thermal inertias (8.4 and 8.3, respectively) and grain sizes.

Because the effective particle sizes indicated for the dunefields fall within a
reasonable, expected range of grain sizes, we believe that the data for intracrater features that
do not have visible duneforms also represent the actual effective particle sizes of those
deposits. Figure 1 shows the range of thermal inertia values and effective grain sizes for 133
dark intracrater features in 11 geographic regions. The figure shows that there is a different
mean thermal inertia for each region, each with a narrow range of variation in thermal inertia
among individual dark features within the regions. The regions are identified on the basis of
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overall regional albedo patterns [15] and the observed clustering of dark intracrater thermal
inertia values reported here. The overall mean thermal inertia is about 8.4 (coarse sand,
~0.65 mm). The finest-grained intracrater deposits occur in Northern Arabia (NA), where
the mean thermal inertia is 3.7 (very fine sand, ~0.07 mm), while the coarsest deposits occur
in the Margaritifer Sinus (MS) region, where the mean is 13.7 (granules, ~ 2.5 mm). Many
of the dark features are apparently composed of sand-sized particles, and might show
duneforms when photographed at higher resolutions (most were photographed at resolutions
> 150 m/pixel). Some of the deposits with high thermal inertias may be regions where there
are barchan dunes with coarser interdune deposits; this is apparently the case for some of the
dark deposits in the Oxia Palus region, where barchan dunes are seen in photographs with
resolutions of less than 40 m/pixel.

Regions with the highest thermal inertia dark features correlate well with regions of
high surface wind stress as predicted by the Mars General Circulation Model (GCM) [16,
17]. Greeley et al. (1989) [17] showed that there is a correlation between high surface wind
stress and high rock abundance, suggesting that stronger winds remove fine particles from
those regions [17, 18]. We speculate that the same may occur on the sandy, rock-free dark
intracrater features. In regions where surface wind velocity is high, finer sands are
winnowed out, leaving behind very coarse sand and granules. In Northern Arabia, where
the dark features effectively consist of very fine sands, the regional winds are
correspondingly low. Alternatives include the barchan dunes with coarse interdune
explanation, and the possiblity that the coarser sands simply occur nearer to their source.
REFERENCES: [1] Arvidson, R.E. (1974) Icarus, 21, 12-27. [2] Cutts, J.A. and R.5.U. Smith (1973) J. Geophys. Res., 78, 4163-4196. [3] Breed,
C.8. (1977) Icarus, 30, 326-340. [4) Paterfreund, AR. (1981) Jearus, 45, 447-467. [5] Thomas, P. (1982) J. Geophys. Res., 87, 9999-10008.
[6] Thormus, P. (1984) Jcarus, 57, 205-227. [7) Sagan. C. et al. (1972) Icarus, 1